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Abstract

This work centers on the development and the down-selection of nano-manufactured
devices to be used in conjunction with Raman spectroscopy for probing a branched chain
amino acid. The nano-manufactured devices integrate plasmonic nanoantennas for the
purpose of amplifying molecular fingerprints, which are otherwise difficult to detect,
through Surface Enhanced Raman Spectroscopy (SERS). Plasmonic nanostructures can
be utilized for a variety of biomedical and biochemical applications to detect the
characteristic fingerprint provided by Raman Spectroscopy. The nano-manufactured
devices create an electric field that amplifies minute perturbations and raises the signal
above background noise. This may provide a deeper understanding of signal
transduction, which is a biochemical reaction, and its relationship with diseases such as
cancer, Alzheimer’s, and diabetes. This work utilized simulations and fabrication of
several different plasmonic substrates to enhance Raman signaling for a dilute amino
acid solution of L-valine. Additionally, this work sought to demonstrate the feasibility of
enhancement extending beyond the surface of the plasmonic substrates tested.
Chapter 1 provides an overview of signal transduction and the motivation behind the
enhancement of dilute L-valine. Chapter 2 presents the different simulations performed
in order to minimize fabrication optimization time, simulate theoretical enhancement
factor, and explore its dependency on the nanoantenna geometry and distance from the
surface of the substrate. Chapters 3 and 4 covers fabrication parameters and studies
performed to enable fabrication optimization. Chapter 5 provides results from different

1

plasmonic substrates, including the bowtie nanoantenna plasmonic substrate, and
reports the potential enhancement. To conclude, Chapter 6 summarizes the work and
discusses future steps. Appendices A and B contain simulation and fabrication steps and
parameters, respectively.
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Chapter 1 Introduction and Literature review
This work explores various plasmonic substrates to enhance the Raman Spectroscopy
signal of a dilute amino acid solution. The detection of molecular bonds that were
previously hidden under the background noise could aid in the future advancement of
disease detection.

1.1 Signal transduction
Signal transduction is a characteristic process in which external molecular signals trigger
internal cellular responses. Signal transduction affects memory, muscles, and
metabolism and is the communication process between cells on the macro-level1,2. It is a
biochemical reaction that transfers a signal across a cell throughout the organism2.
The type of signal to initiate signal transduction could be physical, chemical, or electrical
and can vary across an organism3. Chemical signals are detected at the cell surface by
proteins, known as receptors or signal transducers3. Ligands are the chemical signals 4.
Cellular responses are initiated when ligands bind receptors in a process called receptor
activation4.

Ligands

are

from

extracellular

medium,

like

growth

factors

or

neurotransmitters, and are soluble molecules 4. Mechanical forces can also induce signal
transduction in a process called mechanotransduction5. Mechanotransduction is a
response from a mechanical sensation, like hearing or balance5. Cells in both prokaryotes
and eukaryotes possess heat responses to exceptionally high temperatures in order to
protect themselves from temperature-caused cellular damage in a process called
thermoception6,7. There is also phototransduction, which uses light to activate
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photoreceptor, or light sensitive, cells8. This response to light stimuli is responsible for the
circadian clock8.
There are several main steps in signal transduction: an external signal is received by the
cell wall, the signal is then translated and transferred internal of the cell, and a response
is triggered1. The response then performs a specific function or will resend the message
to a different cell where the signal transduction process restarts1.
Signal transduction has many implications for intracellular communication. Receptors are
classified into intracellular and extracellular receptors9. Intracellular receptors consist of
nuclear,

cytoplasmic,

and NOD-like receptors9.

Another form of

intracellular

communication comes from biochemical signals that trigger a cellular response. These
signals are referred to as secondary messengers and they cross cellular plasma
membranes into the cell’s cytoplasm. The cellular responses control protein conformation
and location and are responsible for growth, mortality, metabolism, and proliferation 10.
Signal transduction is the cell’s response to environmental or immunity changes9.
Signal transduction can also cause disease. Diseases like cancer, Alzheimer’s,
Parkinson’s, diabetes, and Huntington’s can all be attributed to misfolding proteins, which
are caused by a failed signal transduction11–16.

1.2 Protein conformation and the role of amino acids
This work explores the enhancement of Raman signal that has the potential to be used
for monitoring protein conformation. Proteins are composed of amino acids and they are
the backbone support for hormones and neurotransmitters17. Amino acids themselves are
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composed of two blocks, an amino (-NH2) and carboxylic acid (-COOH) functional
group17. Chains of amino acids assemble via peptide bonds in order to build a protein 17.
The order of those amino acids, how many different types of amino acids, and the length
of the protein are complex variables that determine the function of the protein17. Protein
structure is determined by the composition and location of peptide chains18. The
arrangements of amino acids and the atoms composing the amino acids can be
investigated using vibrational modes from each bond. There are several protein structure
classifications, such as an alpha helix, beta sheet, and random coil19.
Proteins are composed of amino acids. The human body has approximately 100,000
unique proteins composed of amino acids17. There are hundreds of amino acids in nature,
but the proteins in the human body are comprised of approximately 20 amino acids in
different arrangements and lengths17. These particular amino acids are commonly
referred to as alpha-amino acids17. Of the alpha amino acids, only nine are termed
“essential”17. All amino acids have the same basic structure and differ only with the
functional group20.The body can create the non-essential amino acids from essential
amino acids17. The nine essential amino acids are phenylalanine, tryptophan, threonine,
isoleucine, methionine, histidine, leucine, lysine, and valine 17.
A generic amino acid is described in Figure 1 below with a functional group, or radical
group, R. The amino acid is then shown bonded to other amino acids by peptide bonds
and illustrated as a part of a protein18. The protein forms peptide bonds with neighbors as
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it folds. This is shown in Figure 2 and is an illustration is an interpretation of an image by
Nature Education21.

Figure 1. An interpretation of a schematic found in Nature Education 21. Generic amino
acid with a functional radical group, R

Figure 2. An interpretation of a schematic found in Nature Education 21. Several amino
acids bonded together via peptide bonds to create a peptide chain.
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1.2.1 L-valine
L-valine was the amino acid chosen to be studied for this Raman spectroscopy
enhancement study using different enhancement substrates, including a plasmonic
bowtie nanoantenna substrate. L-valine has previously been studied and is an essential
amino acid22. L-valine was also chosen because it is inexpensive, abundant, not
hazardous, and relevant to signal transduction. Additionally, L-valine does not contain an
extra functional group and has the third simplest structure of the aliphatic amino acids 23.
Conformation is the three dimensional shape of the protein, and it is determined by the
constituent parts24. As previously mentioned, the constituent parts of a protein are amino
acids and peptides bonded together through covalent bonds20. In a folded protein, where
the molecules wrap around themselves, the order of amino acids is especially crucial. For
example, when a larger amino acid substitutes a smaller amino acid in directed
mutagenesis, which is the replacement of one amino acid with another, the large amino
acid residue will not exist in the same orientation as the smaller amino acid and affect the
overall structure of the polypeptide. This improper sequencing leads to undesired folding
and alters the structure of the polypeptide20. In vitro, unfolded proteins undergo selfassembly and refold to their original states when the environmental conditions are altered
so that it is possible for the folded protein to exist 20. An unfolded protein is more
energetically favored than a folded protein and electrostatic forces can influence a
protein’s structure25. When a folded protein is in water, the water dipoles act as a shield
and isolate ions and functional groups in amino acids 25. In order to do this, the folded
protein is arranged so that the hydrophilic sites are in contact with the water and the

7

hydrophobic sites are folded inwards on themselves, shielded from water26,27. The probed
amino acid here, L-valine, was in a wet water drop cast and a dried drop cast.
Despite this, precisely monitoring signal transduction mechanism remains difficult 28. It is
critical to leverage and integrate existing and new technologies to study these processes
without introducing artifacts or changes to the environment1. A pathway for monitoring
these reactions has been identified, and it includes integration of proven technologies that
enable the study of biochemical reactions, such as signal transduction1.
These different states, folded and unfolded, can be probed with Raman Spectroscopy
and the characteristic spectra analyzed to determine whether there was a shift in wave
number. A shift in wavenumber of the characteristic spectra would indicate that the
vibrational modes of the atoms have changed and are now at different strain states. Most
importantly, signal enhancement is necessary in order to raise the detected Raman signal
above the level of background noise to monitor these signal transductions in real time 1.
Fortunately, signal enhancement can be achieved through surface enhanced Raman
scattering (SERS), a Raman spectroscopy phenomenon that is the exchange between
photons and molecular vibrations by the electromagnetic fields 1,29,30. Compared to
traditional Raman measurements, this is a more sensitive technique due to utilizing an
excitation wavelength similar to the resonance of the probed molecule1,30. SERS can be
achieved using metal nanoparticles to leverage the localized surface plasmon
resonance30. A surface plasmon, also referred to as a surface plasmon polariton, is the
interaction of a photon with the free electrons at the interface of two separate materials31.
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There are other resonance factors, like the charge transfer between the Fermi level of the
metal and the investigated molecule30. Fleischmann et al.32 achieved a high intensity
Raman scattering of pyridine, an organic compound, on a rough silver substrate. The
enhancement was attributed to the large number of small pyridine molecules. Jeanmaire
et al.33 and Creighton et al.34 reported that the enhancement of Raman scattering is
correlated to the “intrinsic surface enhancement effect”35. This work seeks to improve
signal detection through the exploration of different enhancement substrates.

1.2.2 Detection methods on the structure of amino acids
1.2.2.1 Atomic Force Microscopy
Atomic force Microscopy (AFM) is commonly used for a broad range of protein
measurements. AFM is an ultra-sensitive technique employed to study the topography of
a protein or biomolecule36. AFM is can measure the heights of protein molecules, which
in turn allows monitoring of the formation of protein complexes 36. This provides a
topography snapshot of the structure of a protein before and after structural changes take
place, but not during the transition 36. AFM can be used as a nanoindenter and create an
image without moving the sample or altering the scanned area 37–41. Another
implementation of AFM is force modulated microscopy, which is used to study mechanical
properties and monitor the change in composition, such as contamination detection, and
analyzing the homogeneity of a polymer 42–44. AFMs can also be used to assemble
nanoparticle clusters as well as randomly deposit nanoparticles45.
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AFMs have three standing operation modes: tapping mode, non-contact mode, and
contact mode45. Tapping mode is a combination of contact and non-contact modes and
allows the collection of sample data from oscillating the cantilever at resonance or nearresonance frequency46,47. Non-contact mode is the oscillation of the cantilever tip at or
near the resonance frequency while the cantilever tip is away from the surface of the
sample. This mode provides topographical information due to the measured shift away
from the resonance frequency by positive attractive forces from the cantilever tip to the
surface48. One of the largest limitations to AFM for structural monitoring is its scanning
speed36. As a result, high speed AFM has been developed to further study biomolecular
reactions49,50, but it was found that high speed AFM induced deformation in tapping mode
at greater rates than standard modes36. Even with its advantages, AFM was not suitable
for this work for measuring protein conformation in real time because it can induce
structural change, which is a destructive technique that would alter the physical shape.
The goal is to measure interactions without physically altering the structure.
1.2.2.2 Mass Spectrometry
Mass spectrometry is the process of analyzing gaseous charged ions and fragments and
separating these ions by the mass-charge (m/z) ratio51. The abundancy of each separated
ion is measured and translated into intensity49. Mass spectrometry can be used to
determine the structure of amino acids, polypeptides, and complex carbohydrates and
can trace quantities of organic molecules in the 10-18 mol detection range51. Despite the
advantages and structural information that mass spectrometry provides, it is also a
destructive technique because ionizes the molecule for analysis51. Another disadvantage
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is the information is not collected in real-time as the molecule has already undergone
structural change.
1.2.2.3 Fourier transform infrared spectroscopy
An alternative technique is Fourier transform infrared spectroscopy (FTIR), which
employs infrared radiation52. When the infrared radiation is passed through a sample, a
portion of the radiation is absorbed and some is transmitted. The proportion of radiation
absorbed or transmitted is unique to different chemical structures and molecules, allowing
identification. Molecules that absorb infrared radiation have a net change in their dipole
moment53, which can be detected. FTIR can use a large amount of computer processing
power because the received signal is not a measure of spectral intensity but
interferograms that are interpreted using a Fourier Transform54. Another disadvantage is
that the noise in a system affects the enter spectrum54. Moreover, any radiation absorbing
through the presence of a gas or liquid can alter the results. Systems must be regularly
purged of carbon dioxide and water vapor and use an infrared transparent gas like
nitrogen, limiting this instrument to a controlled atmosphere54. When an amino acid group
undergoes a reaction, water is produced as a byproduct in this condensation reaction20.
FTIR is incompatible with water and was therefore not considered a practical detection
method for this work.
1.2.2.4 Raman spectroscopy
A promising technique is Raman spectroscopy, which can detect vibrational modes in a
molecule55. Raman spectroscopy can detect a molecular fingerprint, or characteristic
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spectra, for each strain state that gives insight into intercellular signal transduction. Each
protein structure has an associated molecular signature that can be detected using
Raman spectroscopy allowing for real-time monitoring of signal transduction through
continually streaming data. For some of these molecular fingerprints, the portions of the
spectra (signal) is so low that background noise can mask it, making interpretation
difficult. Although, elevated background noise could be due to sample purity, excess light
entering the system, or difficulty focusing on the sample, it is possible to enhance the
detectability of Raman modes using plasmonic nanoantennas to amplify low-level signals
through the SERS principle.
1.2.3 Mechanisms, methodology, and history
The Raman Effect is when the monochromatic light probing a sample is absorbed,
transmitted, or scattered depending on the material properties of the sample. This is
shown in Figure 3. Light has properties of both waves and particles and travels at a speed
of 2.99×108 m/s. The energy of light is calculated by the following equation, Eq. 1:
E = hν = hc⁄λ

Eq. 1

In this equation, E is the energy in Joules, h is Planck’s constant (Joules per second), λ
is the wavelength (meters), ν is the frequency (sec-1), and c is the speed of light
(meters/second)56. Electromagnetic radiation interacts with matter in transmission,
scattering, absorption, and/or diffraction. Rayleigh scattering is when the scattered light
and the incident light have the same frequency. Raman scattered light does not have the
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same frequency as the incident light. Less than 1% of the light scattered will be Raman
scattered57. Light scattering is a two-photon process. Electrons have different vibrational
levels and, when excited by an incident (first) photon, the electrons will rise to a higher
virtual energy state. It will then fall back to an energy level, either higher, lower, or equal
to the original energy state. Another photon, the second photon, is then emitted56. This
technique is nondestructive and provides information on the vibrational modes of
chemical bonds, known colloquially as a molecular fingerprint or characteristic spectra 58.
This characteristic spectra is unique and details the probed molecule’s chemical structure,
phase, strain state, and composition58. Raman spectroscopy is advantageous because
the sample preparation is not lengthy, is nondestructive, has relatively quick signal
collection, and most importantly, water does not cause interference31,59,60. This is one of
the most important advantages because it allows for biologic samples to be in aqueous
solutions.

Figure 3. Visible light scattering due to interaction with a medium.
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In Rayleigh scattering, the scattered frequency is equal to the incident frequency, and the
electron falls back to the previous energy state. That emitted photon will have the same
frequency as the incident photon. In Raman scattering, the electron falls to a different
vibrational level from the original level; therefore, the incident and scattering frequencies
are unequal. Unequal frequencies can then be further categorized. Raman spectra will
have Stokes or anti-Stokes lines. Stokes lines occur in Raman spectra when the scattered
frequency is less than the incident frequency. Anti-Stokes lines are observed in the
opposite case when the scattered frequency exceeds the incident frequency. Stokes lines
occur during energy absorption and anti-Stokes during energy emittance. The visible light,
for example a 532 nm green laser line, excites molecules from a ground state to a virtual
state61, as shown in Figure 4.

Figure 4. Illustration of virtual energy states with excitation energy and the corresponding
vibrational states.

Smekal predicted the Raman scattering of light in 1923 and Raman and Krishnan
experimentally observed it in 192857,62,63. Raman spectroscopy is of particular interest to
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the medical field because it does not require fluorescent markers64,65. Benign and
malignant breast cancers have been identified with Raman spectroscopy by examining
their molecular fingerprint66. For biologic samples, approximately 90% of the unique
molecular fingerprint signal is in the 500 cm-1 – 1800 cm-1 range and the C-H/O-H
stretching vibrational modes provide additional characteristic spectra in the 2700 – 3300
cm-1 range67.
Although instruments have become more advanced with time, there are still two main
limitations to Raman spectroscopy: fluorescence and low sensitivity. The excitation beam
is approximately one million times stronger than the produced radiation signals.
Fluorescence can interfere with the analysis and is capable of completely concealing the
received signal68. A visible or near IR (500–830 nm) wavelength is often used in Raman
spectroscopy for organic biologic materials because of the reduced fluorescent
photoluminescent effect69.
A basic schematic of a Raman spectrometer is shown below in Figure 5 with different
components. A Raman spectrometer instrument contains a light source, a wavelength
selector, sample holder, detector, and signal processor. The light source is typically a
laser because it provides a stable single wavelength beam; the work in this dissertation
was explored using a 532 nm wavelength green laser. The wavelength selector can be a
series of lenses or filters to narrow the wavelength range of emitted monochromatic light.
The sample holder for this work had freedom to move in x, y, and z directions. The
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detector for this work was a charge-coupled device (CCD). Finally, the signal processer
is used to interpret received signal61.

Figure 5. A basic schematic of a Raman spectrometer and Microscope with a 532 nm
laser

Despite these limitations, Raman spectroscopy is advantageous for the following
reasons: aqueous solutions can be studied because water does not cause inference, is
nondestructive, and is a relatively quick and simple instrument to operate. An
oversampling of the area may prove to be the best method for a sample size that is
smaller than the laser spot size. The full width half maximum of the intensity signal is often
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used to estimate the sample area. If there is enough contrast, Raman microscopy can
provide morphology, crystal structure, and size information of a probed sample 70.
Raman spectroscopy is widely used due to its nondestructive nature and requires little
sample preparation. Each spectral graph received for each sample is unique to that
material and crystal structure69. Raman spectroscopy is widely used because of its
nondestructive nature and the small amount of sample preparation it requires.
The Rayleigh Criterion is 𝑅 ~

0.61 𝜆 [71]
,
𝑁𝐴

and 𝑁𝐴 = 𝑛 sin 𝜃𝑏𝑎𝑐𝑘 , where 𝜃𝑏𝑎𝑐𝑘 is the max

collection angle for back scattered light. n is the refractive index in the medium between
sample and the microscope lens72. NA is a key parameter because it sets the resolution
of the instrument. The Rayleigh Criterion is also approximated as a λ/2 diffraction limit,
where λ is the excitation laser wavelength71–73. In biological samples such as amino acids,
proteins, and lipids, there are many scatterers that contribute to the signal for it to be
properly traced74. SERS is a specific signal enhancing technique used to promote a
selectivity in the signal and enhancement the spectra overall 73,74.
1.2.4 Plasmons and plasmonic response for use in Raman Spectroscopy
Surface plasmons offer a new feature to Raman Spectroscopy. The following paragraphs
present history on surface plasmons, plasmonic responses, and how these light particle
interactions can be leveraged to enhance signal detection during chemical reactions, and
molecular conformation using Raman.
The first surface plasmons were observed in 1902 by Professor Robert W. Wood from his
discovery of optical reflection measurements on metal gratings, termed “Wood’s
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anomalies”29,75. This was not the first time optical properties in different materials were
discovered. Discovery of optical properties extended to as early as the 400 AD. For
example, the Lycurgus Cup from the 4th Century Byzantine Empire is composed of
dichroic glass, appearing green in the absence of light and red when light is transmitted
through it29,76. In 1904 Maxwell Garnett, using the Drude theory of metals and Rayleigh’s
electromagnetic properties of small sphere, described vivid colors in metal doped glass76.
In 1908, Guztav Mie developed his theory of light scattering from spherical particles77–79.
In 1936, Wood’s anomalies were proven to have the same periodicity in metal gratings
by John Strong80. The shape of the metal gratings influences these anomalies, but the
metal material properties themselves do not affect the dispersion of the anomalies80. This
is considered the first reinterpretation of the Rayleigh interpretation 81.
In 1956, David Pines theorized that when fast electrons travel through metals, they
experience a characteristic energy loss82. Energy losses in fast electrons are due to the
oscillation of free electrons that exist in the metal29. Pines referred to these oscillations
as " plasmons, " reminiscent of plasma oscillations in gas discharges29,83. This surface
plasmon is a polarized oscillation of metallic nanoparticles and the surface interface wave
propagation that decays exponentially away from the surface84. In 1957, plasmon modes
were found to exist near the surface of metals by Rufus Ritchie85. They are a collective
electron excitation84,86,87 and are electrodynamically similar to a surface wave that has
been exhaustively studied through the 1970s and into the 1980s84,88–91. Around the same
time Pines termed the oscillations “plasmons,” Robert Fano termed the coupled
oscillations of light and electrons in transparent media “polaritons 29,83.
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Fano discovered two distinct types of the Rayleigh’s interpretation: a sharp anomaly and
a diffuse anomaly81,92. A sharp anomaly appears on the spectrum as a specific
wavelength determined by the grating geometry92. A diffuse anomaly extends for a
wavelength range from the first longer wavelength red edge to the shorter wavelength
blue edge92. Generally, this contains one minimum and maximum intensity92. Fano’s
discovery of the two distinct types of Rayleigh’s interpretation led to the determination
that Wood observed a diffuse type from a decrease in wavelength, not a sharp anomaly
on the edge of an intensity92. This determination explains the difference between
Rayleigh’s and Wood’s theories81.
Afterwards, M. C. Hutley successfully made metallic holographic gratings and measured
their near-sinusoidal profiles93 and noticed a theoretical and experimental mismatch 94,95.
Hutley proposed three possibilities to explain the mismatch: metal conductivity is not
infinite, the grating profile is not known, and anomalies are reluctant to merge94,95. In 1974,
Stephen Cunningham used the term SPP, or surface plasmon-polariton, combining the
terms previously described by Fano and Pines 96.
Martin Fleischmann observed strong Raman scattering from pyridine on a rough silver
surfaces32. This discovery led to the birth of the field of SERS, surface enhanced Raman
scattering, which is the energy exchange between photons and molecular vibrations by
the electromagnetic fields near the rough metallic surface; or the rough silver surface in
the case of Fleischmann29.
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1.2.5 Surface enhanced Raman scattering (SERS)
SERS is made possible due to the optical properties of coinage metals (i.e., copper, silver,
or gold)97–99. Bulk materials and thin films behave differently, but discussing the optical
properties of bulk coinage materials aids in the understanding of SERS99. The dielectric
function, ε(ω), characterizes the optical properties of a material in its bulk form99. Similar
to the refractive index, n(ω), the dielectric function depends on the frequency of light,
described the equation below.
ω=2πc/λ

Eq. 2

Where ω is the frequency of light, c is the speed of light, and λ is the wavelength of light99.
The frequency of light is inversely proportional to the wavelength of light, and the dielectric
function may also be seen as ε(λ) due to this relationship 99. In the standard discussion of
optic materials the index of refraction and dielectric function are both real and positive
numbers (ε,n ≥1)72,99. Unfortunately, this simplified version will not always be descriptive
enough when the dielectric function and the refractive index are complex at a specific
wavelength99. In addition, it is highly unlikely that copper, silver, or gold will be
transparent99. The electronic structure of a material is ultimately what determines its
optical properties and it is a part of solid-state theory86,99,100.
One of the most important properties of gold and silver are that in the visible light spectrum
the real part of the dielectric function is large and negative99. This is one of the key
reasons why these metals are selected for plasmonic applications99. Omitting the
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imaginary part of ε(λ), the real parts at long wavelengths follow the simpler theoretical
models, such as the lossless Drude model86,98–100. The following equation, Eq. 3, predicts
a dielectric function where 𝜔𝑝 = 2πc/𝜆𝑝 is the plasma frequency of the metal86,98–100:
2
𝜔𝑝

𝜆2

𝜀 = 𝜀∞ (1 − 𝜔2 ) = 𝜀∞ (1 − 𝜆2 )

Eq. 3

𝑝

Due to their similar electronic densities, gold and silver have similar plasma frequencies
and the real parts of the dielectric function99. Despite this, actual bulk materials present
in the world are not lossless, therefore the imaginary component of ε(λ) cannot be
ignored99. The imaginary part is related to absorption, and a material that is a perfect
mirror does not absorb light and only has a real part of the dielectric function and index
of refraction99. Although gold and silver are very similar electromagnetically, a preference
forms based on the specific application in which the metal will be used; this application is
often based on the surface chemistry and specific material properties desired99,101. For
example, for wavelengths less than 600 nm, silver has a reflectivity of nearly 100%, while
gold has a reflectivity of nearly 50%, but some applications requiring sample longevity
may prefer gold because it is more stable in ambient conditions 99.
As mentioned previously, Fleischmann et al. achieved a high intensity Raman scattering
in 1974 on a rough silver substrate; the enhancement was attributed to the large number
of small molecules on the substrate32. Jeanmaire et al. and Creighton et al. independently
discovered that the enhancement of Raman scattering is correlated to an enhancement
due to the surface33–35,102. The works by Fleischmann et al., Jeanmaire et al., and
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Creighton et al. mark the beginning of SERS35,102. Research interest in SERS primarily
focuses on fabricating SERS-active substrates and on their applications to analytical,
surface, and biological science fields35. There are two accepted mechanisms that define
SERS: the electromagnetic effect (EM) and the chemical effect (CM) 103–107. The two
components that contribute to the SERS enhancement effect are electromagnetic and
chemical properties, but it is not known if either is more of a driving force than the other108.
The electromagnetic effect is focused on the interaction between the adsorbed molecule
and the localized electric field of the surface plasmons generated by an excitation
wavelength in the form of visible light 103–107. The localized surface plasmon resonance
(LSPR) is the dominant determining factor in the enhancement. The chemical effect (CM)
is the charge transfer between the Fermi level of the metal and the probed molecule 30.
These chemical effects cause two additional phenomena; there is an increase in ground
state polarizability, which is a nonresonance effect, and the charge transfer between the
Fermi level of the conductive metal and the molecule30.

1.2.5.1 Enhancement of signal using plasmonic nanoantenna
One of the growing areas in nanophotonics is on the investigation of the Rayleigh Criterion
or ability to focus light generated by a point source significantly more localized than the
diffraction limit81. Metallic rough surfaces with weak corrugations create this focused light
phenomenon and SPPs aid in the understanding of it 77,78. An SPP striking a random
corrugated metallic generates a strong radiation in the far field and a strong absorption in
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the metal surface77,78. The square modulus |Ex|2 of the x component of electric field were
obtained for 2 different scenarios of the rough surface. The strong difference between
transmission factors is in |Ex|2; there is a resonant phenomenon that generates a large
electric field on the surface, which has a strong absorption in the metal and a large
scattered field in the far field, which generates a small transmission81. Nanoparticle pairs
that contain a localized electric field behave completely differently than single isolated
nanoparticles109. In either coupled (paired) nanoparticles or single isolated particles the
extinction maximum (LSPR) and the enhancement factor do not agree and one is not
predictable from the other108. Gold nanosphere ogliomers have a maximum 4x108 EF,
regardless of structure as long as there is a 1 nm or below crack or gap near the junction
of ogliomer and substrate108,110,111. Single particle ogliomer studies have shown that the
enhancement factor increases with an increasing excitation wavelength, but in coupled
nanoparticles the excitation wavelength cannot be predicted based solely on the LSPR
maximum108. A model for conductive plasmonic materials, copper, silver, and gold, in
spherical shapes was developed by Gersten and Nitzan112. This formula is distance
dependent and is also based on the |E|4 approximation108,112. The formula is as follows:
𝐼 = (1 + 𝑟⁄𝑎)−10

Eq. 4

where I is the SERS intensity, a is the radius of curvature of the field, and r is the distance
between the center of the plasmonic spherical particle to the adsorbate analyte108,112,113.
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The SERS intensity, I, is at a maximum when the studied particle is in contact with the
substrate and the enhancement field extends approximately 10 nm away from the metallic
surface98,108,114. The amplitude of the localized electric field increases exponentially with
the inverse of a gap distance, similar to the behavior with the resonance wavelength77.
Relative intensity does decrease with distance; there is an approximately 80% loss of
intensity 0.5 nm away from the coupled nanoparticle and an approximately 90% loss of
relative intensity 2 nm away108,115. This work will discuss the electric field at 35, 110 250,
500, and 1000 nm away in the Z direction perpendicular to the substrate in Chapter 2.2.
Triangular particles broaden the resonance bandwidth and increases the ratio between
the hot spot within the gap and the edge of the particle 77.
One of the main applications of SERS is in the biomedical field from fundamental bench
top studies through clinical diagnostic work 116. There are several types of enhancement
substrates, such as nanoantenna pairs, stars, bowties, dimers, coupled nanospheres,
and nanofilms; the research field has expanded to the point that the choice of plasmonic
structure is now dictated by the application itself108,116.
Common nanostructures for the use of SERS are: bowtie nanoantennas117, nanoparticle
aggregations118–120 and nanorod arrays121. One challenge facing SERS is the lack of
reproducibility of substrates and consistency in fabrication as well as the unpredictability
of localized electric fields and repeatability in measurements122–124. This dissertation
seeks to address the reproducibility in fabricating bowtie nanoantennas through
development and dose studies 1,125.
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In biological samples such as amino acids, proteins, and lipids, there are too many
scatterers that contribute to the signal for it to be properly traced73. SERS is a specific
signal enhancing technique used to promote a selectivity in the signal and enhancement
the spectra overall73,74. In SERS the enhancement factor varies depending on the
molecule investigated, the geometry and size of the nanoantenna, and also on the
plasmonic resonance of the excitation wavelength and the Raman signal 126–128. The
enhancement factor for SERS is as follows128:

𝐹 = |𝐸(𝜈𝑒𝑥𝑐𝑖𝑡𝑎𝑡𝑖𝑜𝑛 )|2 |𝐸(𝜈𝑅𝑎𝑚𝑎𝑛 )|2

Eq. 5

The local field enhancement factors 𝐸(𝜈𝑒𝑥𝑐𝑖𝑡𝑎𝑡𝑖𝑜𝑛 ) and 𝐸(𝜈𝑅𝑎𝑚𝑎𝑛 ) are functions of the
incident frequency and the Raman Stokes frequency128. The plasmon width is large as
compared to the Raman Stokes shift, and in addition the electromagnetic fields are in
resonance or pre-resonance with the plasmon band126,128. So, it can be assumed that the
local field enhancement factors are indeed the same, because they are in resonance with
the plasmon band, which leads to the approximation126,128:
𝐸 = |𝐸(𝜈𝑒𝑥𝑐𝑖𝑡𝑎𝑡𝑖𝑜𝑛 )|4

Eq. 6

The Raman enhancement factor (REF) is unitless and is used to quantify the
enhancement of the Raman signal and is estimated by comparing non-enhanced and
enhanced Raman signal intensities, I, with the number of molecules probed, N 126,129–131.
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𝑅𝐸𝐹 =

𝐼𝑆𝐸𝑅𝑆 𝑁𝑏𝑢𝑙𝑘
𝐼𝑏𝑢𝑙𝑘 𝑁𝑆𝐸𝑅𝑆

Eq. 7

SERS is a Raman phenomenon due to resonance 30. Regular, non-enhanced Raman is
comparatively less sensitive because it is executed at an excitation wavelength distant
from the resonance of the molecule of interest30. SERS on a conductive metal substrate
may have Raman intensity enhancements and the most significant source of resonance
in the system is the surface plasmon resonance of the metal nanoparticle. Fleischmann
et al. achieved a high intensity Raman scattering of pyridine in 1974 on a rough silver
substrate; the enhancement was attributed to the large number of small molecules on the
substrate32. Raman Signal intensity can be enhanced using coupled plasmonic devices.
The enhancement ranges from 102 to 108 arbitrary units (a.u.) depending upon the
geometry of the nanostructure, the excitation wavelength, and properties of the probed
molecule1,30,132. This coupling system is usually referred to as the chemical effect30. These
chemical effects also have two additional effects: there is an increase in ground state
polarizability, which is a nonresonance effect, and the charge transfer between the Fermi
level of the conductive metal and the molecule30. The substrate enhancement factor was
determined by Lombardi28, where Isurf and Ibulk is the Raman Intensity on the surface and
bulk, respectively, and Nsurf and Nbulk are the number of molecules probed on the surface
and bulk, respectively, to be:
𝐼𝑠𝑢𝑟𝑓 𝑁𝑏𝑢𝑙𝑘

𝐸𝐹 = 𝐼

𝑏𝑢𝑙𝑘 𝑁𝑠𝑢𝑟𝑓

Eq. 8

This mirrors the previously mentioned derivation by Le Ru129, Felidj130,131, and Guieu126.
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Chapter 2 Simulations of plasmonic substrates to determine
fabrication parameters
Simulations were employed to minimize fabrication optimization time. Computer
Simulation Technology (CST) by Dassault Systemes is a 3D electromagnetic analysis
software and was used to find the side lengths and gap distances that produced the
highest electric fields. COMSOL Multiphysics 5.3a Wave Optics Module was used to
further explore the down-selected side lengths and gap distances. COMSOL is a finite
element analysis software designed to solve electromagnetic wave simulations at a
specific incident frequency. The total electric field is the output from both software. The
simulations determined that the fabricated design would be 90 and 270 nm bowtie
nanoantennas with 10, 20, or 50 nm gap distances.

2.1 Simulations employing Computer Simulation Technology by
Dassault Systemes
Simulations were performed using Computer Simulation Technology (CST) Microwave
studio. Bowtie nanoantennas were simulated using variable side lengths with a variable
gap distances on an indium tin oxide (ITO) coated silicon dioxide (SiO2) substrate with a
wavelength of 532 nm. Material optical properties were imported from the material library
in CST133. These simulations were used to down select the range of features and sizes
for subsequent fabrication. It was hypothesized that a decreasing gap distance will result
in an increase in electric field. A basic schematic is shown in Figure 6 below.

27

Figure 6. Generic schematic of bowtie nanoantenna geometry where the side length (a),
gap distance (b), and overall length (c) are denoted.

2.1.1 Variable Gap Distance
The range for gap distance was influenced by equipment fabrication limits. A numerical
comparison of the data captured from the simulations is plotted in Figure 7 below. Figure
7 shows that the localized hot spot has the highest value at the smallest gap distance
simulated and decreases significantly.
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Figure 7. The hotspot values for a 90 nm side length triangle bowtie nanoantenna on ITO
coated SiO2 with 532 nm wavelength

The earlier hypothesis that the electric field is dependent on gap distance is correct,
however, as seen in Figure 7, the relationship is exponential with the line of best fit seen
in the equation below
y = 151.61x-0.778

Eq. 9

where y is the localized electric field and x is the gap distance.
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2.1.2 Variable Side Lengths
Hot spot intensity was further investigated by simulating gold bowtie nanoantennas of a
constant 20 nm gap distance, 30 nm gold thickness, 532 nm excitation wavelength, and
a variable side length from 20–300 nm to determine if the side length affected hot spot
intensity. Those numerical findings from the simulation are seen in Figure 8.

Maximum localized electric field (V/m) with 20
nm tip-to-tip gap distance
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Figure 8. The hot spot values for a variable side length triangle bowtie nanoantenna with
a 20 nm gap on ITO coated SiO2 with 532 nm excitation wavelength.
Resonance is indicated with the green circle.

As seen in Figure 8 above, there is a resonance which creates a high localized electric
field, as indicated in the green circle, as similarly described by Zhang et al.134. This is
promising because it shows that if one nanoantenna design cannot be achieved due to
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fabrication limitations that there are other “nearest neighbors” that will also offer significant
hot spot enhancement without compromising the maximum hot spot value. These
simulations were performed on silicon dioxide with an indium tin oxide coating. However,
ITO has a wide range of electrical conductivity, transmittance, and reflectance depending
on parameters surrounding film growth135,136. Unfortunately, future fabrication results may
vary as hot spot intensity found from simulation due to ITO differences. Through
simulations it was determined that the gap distance and side length are crucial for hot
spot intensity.
Zhang et al. used a finite difference time domain method to simulate the hot spot intensity
of the fabricated nanoantennas 134. Zhang et al. simulated their bowtie nanoantennas on
a silicon nitride membrane with a 25-nm gold layer. However, they found that their
simulations using Lumerical FDTD (Lumerical Solutions, Inc.) may not be fully accurate
because their simulations did not account for plasmonic coupling and quantum tunneling,
which may occur in the fabricated bowtie nanoantenna134. However, Zhang et al.
employed the model because the electron interaction gap (the spacing between the two
triangles in a bowtie nanoantenna where the hot spot is located) is in the classical regime
(i.e., a gap larger than 1 nm)134.
Excitation wavelengths play a major role in hot spot density and location. The hot spot is
localized between the tips of the two triangles of the nanoantenna at a wavelength of 785
nm, whereas for a wavelength of 632.8 nm, the hot spot is distributed along the length of
the triangle in the bowtie nanoantennas134. This is because a wavelength of 785 nm is
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close to the plasmonic resonance wavelength of the bowtie structure134. Zhang et al. also
reported that the gap distance between the tips affects the Raman spectra. The spectra
separate into distinct intensity bands for wavelength near the plasmonic resonance
wavelength134. Specifically, the smaller gap distances show the greatest differences in
characteristic peak value intensities, while larger gap distances do not aid in SERS for
this particular geometry, wavelength, and array of nanoantennas. Zhang et al.’s work
supports that notion that gap distance is essential hot spot intensity134.
Despite these simulations having different substrates, gold thicknesses, excitation
wavelengths, and triangle geometries compared to Zhang et al 134, it was found that the
gap distance greatly influenced hot spot intensity.137,138

2.2 Simulations employing COMSOL Multiphysics
The model used in this work was constructed as a periodic mirroring structure. The side
lengths were programed to vary at predetermined lengths as based on previous CST
simulations. The side lengths varied from 60 to 120 nm in steps of 10 nm. The
nanoantenna geometry was simulated with an equilateral side length of 60–120 nm for
10, 20, and 50 nm gaps. Additional information, including mesh size (shown in Figure 9),
and parameters relating to the COMSOL simulation “blocks” (shown in Figure 10) are in
Appendix A. Assumptions employed in the COMSOL simulation models: wavelength of
incident source, electrical conductivity, and optical properties are constant. The COMSOL
simulations used Electromagnetic Waves, Frequency Domain which solves the time
harmonic Maxwell’s equations139.
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Figure 9. The mesh is shown in the COMSOL simulation for a variable side length and
gap distance bowtie nanoantenna set. Additional information is in Appendix
A.
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Figure 10. COMSOL simulation displaying air block, substrate block, mesh block, and
BNA.

The data is representative of a color map showing the maximum electric field (V/m) at the
plane [Z] distance above the surface of the ITO substrate as seen in Figure 11.

Figure 11. Cross section of bowtie nanoantenna defining Z height above substrate.
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The simulations involved modelling the geometry of the desired nanoantenna and
mirroring it along the x and y directions. As seen in Figure 10, the x center-to-center
distance is 532 nm in order to achieve resonant response with the excitation laser that
has a wavelength of 532 nm. The y spacing is 1500 nm, which clears each pair from the
radius of the excitation beam of the Raman system employed by the group. The data is
a XY plane of the designated Z space [35, 110 250, 500, and 1000 nm] above the surface
of the substrate and is plotted as the electric field as a function of x distance. The center
point (x=0) is the center of the gap between the nanoantenna.
The data is a side length parameter sweep of 60–120 nm with 10 nm steps. The
predetermined gap distances are 10 nm, 20 nm, and 50 nm in COMSOL. Originally,
simulations were computed in CST at 50 nm. The rationale was such that 50 nm was
determined to be the smallest gap distance feasible with the Hitachi SU 70 SEM at the
Nanocharacterization Core at Virginia Commonwealth University. With advancement in
available technology and the recent purchase of the Raith Voyager, a dedicated electron
beam lithography instrument, the feasible fabrication gap distance decreased
significantly. Gap distances of 5 nm can now be fabricated with a success rate of 50%
but 10 nm gap distances are produced with remarkable repeatability1. Due to this, the
smallest gap distance simulated is 10 nm.
2.2.1 Z plane at 35 nm
The data at near-structure height, 35 nm Z, is 35 nm in the Z direction above the surface
of the ITO substrate, and due to the thickness of the Cr and Au simulated, is 10 nm above
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the surface of the nanoantenna. The data shows that at this near-structure height, the
amplitude of the electric field is more dependent on the side length than any of the other
Z heights. There is an electric field, and presumably enhancement, across the entire
structure with the maximum being at the center of the gap. As the gap increases, the
maximum electric field spreads further away from the center of the gap at x=0.
The gap distance has a noticeable impact on electric field at 35 nm above the substrate.
2.2.1.1 Gap distance: 10 nm
In Figure 12, the enhancement field is plotted against the x direction. This Z plane was
taken at 35 nm above the substrate surface, which is 10 nm above the nanoantenna. The
average, minimum, maximum, and standard deviation enhancement values are listed in
Table 1. The 90nm side length option at 35 nm Z had the least standard deviation, 4th
highest maximum value, 2nd highest minimum value, and the 4th highest average value.
The 90nm side length triangle is unremarkable, and the average values lead to its appeal
for mass manufacturing. In the case of fault fabrication, discussed later, the geometry
assures that a nearest neighbor offers comparable electric fields.
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Figure 12. Data collected from COMSOL showing the 60 – 120 nm Side lengths, 10 nm
gap distance, at 35 nm Z height plane above the substrate surface, where
the 90 nm bowtie nanoantenna is in yellow.
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Table 1. Average, minimum, maximum, and standard deviation for all side lengths and ITO, for 10 nm Gap distance, at a
35 nm height Z plane above the substrate
Structure

Min (v/m)

60nmS_10nmG_35Z
70nmS_10nmG_35Z
80nmS_10nmG_35Z
90nmS_10nmG_35Z
100nmS_10nmG_35Z

Average
(V/m)
2.60E+07
2.61E+07
2.62E+07
2.62E+07
2.63E+07

1.32E+07
1.79E+07
1.96E+07
1.94E+07
1.85E+07

Max
(V/m)
5.05E+07
4.98E+07
4.39E+07
3.95E+07
3.45E+07

Std Dev
(V/m)
3.85E+06
3.17E+06
2.22E+06
2.04E+06
2.33E+06

Minimum
Enhancement
7.27E-02
2.46E-01
3.51E-01
3.34E-01
2.80E-01

Maximum
Enhancement
1.33E+01
1.25E+01
7.58E+00
4.96E+00
2.90E+00

Average
Enhancement
1.03E+00
1.05E+00
1.06E+00
1.07E+00
1.08E+00

110nmS_10nmG_35Z
120nmS_10nmG_35Z
ITO_35Z

2.63E+07
2.65E+07
2.58E+07

1.78E+07
1.70E+07
2.55E+07

3.33E+07
3.56E+07
2.65E+07

2.60E+06
3.43E+06
9.71E+04

2.37E-01
1.97E-01

2.50E+00
3.27E+00

1.09E+00
1.12E+00

Signal amplification will theoretically occur at any enhancement greater than 1. Theoretically, all side lengths simulated will
produce enhancement with a 10 nm gap at 35 nm above the surface of the substrate. The highest theoretical enhancement
would be for the 60 nm side length geometry.
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2.2.1.2 Gap distance: 20 nm
In Figure 13, the enhancement field is plotted against the x direction. This Z plane was
taken at 35 nm above the substrate surface, which is 10 nm above the nanoantenna. The
average, minimum, maximum, and standard deviation enhancement values are listed in
Table 2. The 90nm side length nanoantenna structure at 35 nm Z had the least standard
deviation, 4th highest maximum value, 2nd highest minimum value, and the 4th highest
average value. The maximum value is seen in the gap area of the nanoantenna.

Figure 13. Data collected from COMSOL showing the 60 – 120 nm Side lengths, 20 nm
gap distance, at 35 nm Z height plane above the substrate surface, where
the 90 nm bowtie nanoantenna is in yellow.
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Table 2. Average, minimum, maximum, and standard deviation for all side lengths and ITO, for 20 nm Gap distance, at a
35 nm height Z plane above the substrate
Structure

Min (v/m)

60nmS_20nmG_35Z
70nmS_20nmG_35Z
80nmS_20nmG_35Z
90nmS_20nmG_35Z

Average
(V/m)
2.60E+07
2.62E+07
2.63E+07
2.64E+07

1.31E+07
1.85E+07
2.01E+07
1.96E+07

Max
(V/m)
4.94E+07
4.90E+07
4.50E+07
3.76E+07

Std Dev
(V/m)
3.98E+06
3.24E+06
2.33E+06
2.13E+06

Minimum
Enhancement
7.03E-02
2.76E-01
3.90E-01
3.50E-01

Maximum
Enhancement
1.21E+01
1.17E+01
8.36E+00
4.07E+00

Average
Enhancement
1.04E+00
1.08E+00
1.09E+00
1.10E+00

100nmS_20nmG_35Z
110nmS_20nmG_35Z
120nmS_20nmG_35Z

2.64E+07
2.65E+07
2.67E+07

1.88E+07
1.77E+07
1.71E+07

3.40E+07
3.43E+07
3.49E+07

2.45E+06
2.78E+06
3.63E+06

2.96E-01
2.34E-01
2.03E-01

2.72E+00
2.83E+00
3.03E+00

1.10E+00
1.11E+00
1.15E+00

ITO_35Z

2.58E+07

2.55E+07

2.65E+07

9.71E+04

Theoretically, all side lengths simulated will produce enhancement with a 20 nm gap at 35 nm above the surface of the
substrate. The highest theoretical enhancement would be for the 60 nm side length geometry.
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2.2.1.3 Gap distance: 50 nm
In Figure 14, the enhancement field is plotted against the x direction. This Z plane was
taken at 35 nm above the substrate surface, which is 10 nm above the nanoantenna. The
average, minimum, maximum, and standard deviation enhancement values are listed in
Table 3. The 90nm side length nanoantenna structure at 35 nm Z had the 2 nd least
standard deviation, 4th highest maximum value, 2nd highest minimum value, and the 4th
highest average value. The maximum value is above the leading tip of the nanoantenna.

Figure 14. Data collected from COMSOL showing the 60 – 120 nm Side lengths, 50 nm
gap distance, at 35 nm Z height plane above the substrate surface, where
the 90 nm bowtie nanoantenna is in yellow.
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Table 3. Average, minimum, maximum, and standard deviation for all side lengths and ITO, for 50 nm Gap distance, at a
35 nm height Z plane above the substrate
Structure
60nmS_50nmG_35Z
70nmS_50nmG_35Z
80nmS_50nmG_35Z
90nmS_50nmG_35Z

Average
(V/m)
2.60E+07
2.63E+07
2.65E+07
2.66E+07

Min (v/m)
1.30E+07
1.85E+07
2.08E+07
2.03E+07

Max
(V/m)
4.81E+07
4.63E+07
4.07E+07
3.49E+07

Std Dev
(V/m)
3.82E+06
3.01E+06
2.20E+06
2.26E+06

Minimum
Enhancement
6.87E-02
2.80E-01
4.44E-01
4.02E-01

Maximum
Enhancement
1.09E+01
9.32E+00
5.60E+00
3.01E+00

Average
Enhancement
1.03E+00
1.09E+00
1.11E+00
1.13E+00

100nmS_50nmG_35Z
110nmS_50nmG_35Z
120nmS_50nmG_35Z

2.66E+07
2.67E+07
2.69E+07

1.95E+07
1.86E+07
1.77E+07

3.57E+07
3.59E+07
3.60E+07

2.74E+06
3.03E+06
3.84E+06

3.40E-01
2.86E-01
2.34E-01

3.30E+00
3.37E+00
3.42E+00

1.14E+00
1.15E+00
1.19E+00

ITO_35Z

2.58E+07

2.55E+07

2.65E+07

9.71E+04

Theoretically, all side lengths simulated will produce enhancement with a 50 nm gap at 35 nm above the surface of the
substrate. The highest theoretical enhancement would be for the 60 nm side length geometry.
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2.2.2 Z plane at 110 nm
2.2.2.1 Gap distance: 10 nm
In Figure 15, the enhancement field is plotted against the x direction. This Z plane was
taken at 110 nm above the substrate surface, which is 85 nm above the nanoantenna.
The average, minimum, maximum, and standard deviation enhancement values are listed
in Table 4. The 90nm side length nanoantenna structure at 110 nm Z had the 4 th least
standard deviation, 3rd highest maximum value, 1st highest minimum value, and the 4th
highest average value. The maximum and minimum value is above the far edge of the
nanoantenna. The average value is located in the gap of the nanoantenna.
Gap distance has less noticeable impact on electric field at 110 nm above the substrate.
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Figure 15. Data collected from COMSOL showing the 60 – 120 nm Side lengths, 10 nm
gap distances, at 110 nm Z height plane above the substrate, where the 90
nm bowtie nanoantenna is in yellow.
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Table 4. Average, minimum, maximum, and standard deviation for all side lengths and ITO, for 10 nm Gap distance, at a
110 nm height Z plane above the substrate
Structure
60nmS_10nm_110Z
70nmS_10nmG_110Z
80nmS_10nmG_110Z
90nmS_10nmG_110Z

Average
(V/m)
3.83E+07
3.84E+07
3.85E+07
3.86E+07

100nmS_10nmG_110Z
110nmS_10nmG_110Z
120nmS_10nmG_110Z
ITO_110Z

Min (v/m)

Max (V/m)

Std Dev (V/m)

3.74E+07
3.71E+07
3.68E+07
3.68E+07

4.03E+07
4.01E+07
4.03E+07
4.07E+07

2.61E+05
3.78E+05
4.88E+05
5.61E+05

Minimum
Enhancement
9.93E-01
9.64E-01
9.34E-01
9.35E-01

3.86E+07
3.87E+07
3.87E+07

3.65E+07
3.66E+07
3.65E+07

4.07E+07
4.12E+07
4.06E+07

6.14E+05
6.61E+05
7.13E+05

9.06E-01
9.18E-01
9.02E-01

3.83E+07

3.74E+07

3.97E+07

1.72E+05

Maximum
Enhancement
1.06E+00
1.03E+00
1.06E+00
1.10E+00

Average
Enhancement
1.01E+00
1.02E+00
1.02E+00
1.03E+00

1.10E+00
1.15E+00
1.09E+00

1.04E+00
1.04E+00
1.04E+00

Signal amplification will theoretically occur at any enhancement greater than 1. Theoretically, all side lengths simulated will
produce enhancement with a 10 nm gap at 110 nm above the surface of the substrate with the highest theoretical
enhancement at the 110 nm side length geometry.
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2.2.2.2 Gap distance: 20 nm
In Figure 16, the enhancement field is plotted against the x direction. This Z plane was
taken at 110 nm above the substrate surface, which is 85 nm above the nanoantenna.
The average, minimum, maximum, and standard deviation enhancement values are listed
in Table 5. The 90 nm side length nanoantenna structure at 110 nm Z had the 4th least
standard deviation, 3rd highest maximum value, 4th highest minimum value, and the 4th
highest average value. The maximum and minimum value is above the far edge of the
nanoantenna. The average value is located in the gap of the nanoantenna.

Figure 16. Data collected from COMSOL showing the 60 – 120 nm Side lengths, 20 nm
gap distances, at 110 nm Z height plane above the substrate, where the 90
nm bowtie nanoantenna is in yellow.
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Table 5. Average, minimum, maximum, and standard deviation for all side lengths and ITO, for 20 nm Gap distance, at a
110 nm height Z plane above the substrate
Structure

Average (V/m)

Min (v/m)

Max (V/m)

Std Dev (V/m)
2.60E+05
3.98E+05
5.15E+05
5.77E+05

Minimum
Enhancement
9.79E-01
9.70E-01
9.40E-01
9.22E-01

Maximum
Enhancement
1.01E+00
1.01E+00
1.06E+00
1.09E+00

Average
Enhancement
1.01E+00
1.02E+00
1.03E+00
1.03E+00

60nmS_20nmG_110Z
70nmS_20nmG_110Z
80nmS_20nmG_110Z
90nmS_20nmG_110Z

3.83E+07
3.84E+07
3.85E+07
3.86E+07

3.72E+07
3.71E+07
3.69E+07
3.67E+07

3.99E+07
3.98E+07
4.04E+07
4.06E+07

100nmS_20nmG_110Z
110nmS_20nmG_110Z
120nmS_20nmG_110Z

3.86E+07
3.87E+07
3.87E+07

3.66E+07
3.66E+07
3.65E+07

4.08E+07
4.07E+07
4.08E+07

6.30E+05
6.77E+05
7.20E+05

9.11E-01
9.14E-01
9.09E-01

1.11E+00
1.11E+00
1.11E+00

1.04E+00
1.05E+00
1.05E+00

ITO_110Z

3.83E+07

3.74E+07

3.97E+07

1.72E+05

Theoretically, all side lengths simulated will produce enhancement with a 20 nm gap at 110 nm above the surface of the
substrate with the highest theoretical enhancement at the 100, 110, and 120 nm side length geometry.
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2.2.2.3 Gap distance: 50 nm
In Figure 17, the enhancement field is plotted against the x direction. This Z plane was
taken at 110 nm above the substrate surface, which is 85 nm above the nanoantenna.
The average, minimum, maximum, and standard deviation enhancement values are listed
in Table 6. The 90 nm side length nanoantenna structure at 110 nm Z had the 4th least
standard deviation, 2nd highest maximum value, 4th highest minimum value, and the 4th
highest average value. The maximum and minimum value is above the far edge of the
nanoantenna. The average value is located in the gap of the nanoantenna.
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Figure 17. Data collected from COMSOL showing the 60 – 120 nm Side lengths, 50 nm
gap distances, at 110 nm Z height plane above the substrate, where the 90
nm bowtie nanoantenna is in yellow.
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Table 6. Average, minimum, maximum, and standard deviation for all side lengths and ITO, for 50 nm Gap distance, at a
110 nm height Z plane above the substrate
Structure

Average (V/m)

Min (v/m)

Max (V/m)

Std Dev (V/m)
2.54E+05
3.95E+05
5.16E+05
5.97E+05

Minimum
Enhancement
9.95E-01
9.60E-01
9.48E-01
9.34E-01

Maximum
Enhancement
1.01E+00
1.00E+00
1.08E+00
1.09E+00

Average
Enhancement
1.01E+00
1.02E+00
1.03E+00
1.04E+00

60nmS_50nmG_110Z
70nmS_50nmG_110Z
80nmS_50nmG_110Z
90nmS_50nmG_110Z

3.83E+07
3.84E+07
3.85E+07
3.86E+07

3.74E+07
3.70E+07
3.69E+07
3.68E+07

3.99E+07
3.98E+07
4.05E+07
4.06E+07

100nmS_50nmG_110Z
110nmS_50nmG_110Z
120nmS_50nmG_110Z

3.87E+07
3.87E+07
3.88E+07

3.66E+07
3.68E+07
3.65E+07

4.05E+07
4.09E+07
4.06E+07

6.52E+05
7.07E+05
7.53E+05

9.11E-01
9.31E-01
9.05E-01

1.08E+00
1.12E+00
1.09E+00

1.04E+00
1.05E+00
1.05E+00

ITO_110Z

3.83E+07

3.74E+07

3.97E+07

1.72E+05

Theoretically, all side lengths simulated will produce enhancement with a 50 nm gap at 110 nm above the surface of the
substrate with the highest theoretical enhancement at the 110 and 120 nm side length geometry.
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2.2.3 Z plane at 250 nm
2.2.3.1 Gap distance: 10 nm
In Figure 18, the enhancement field is plotted against the x direction. This Z plane was
taken at 250 nm above the substrate surface, which is 225 nm above the nanoantenna.
The average, minimum, maximum, and standard deviation enhancement values are listed
in Table 7. The 90 nm side length nanoantenna structure at 250 nm Z had the least
standard deviation, 6th highest maximum value, 4th highest minimum value, and the 4th
highest average value. The electric field is evenly dispersed over the surface of the
nanoantenna and surrounding substrate.
Gap distance does not have noticeable impact on electric field at 250 nm above substrate.
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Figure 18. Data collected from COMSOL showing the 60 – 120 nm Side lengths, 10 nm
gap distances, at 250 nm Z height plane above the substrate, where the 90
nm bowtie nanoantenna is in yellow.
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Table 7. Average, minimum, maximum, and standard deviation for all side lengths and ITO, for 10 nm Gap distance, at a
250 nm height Z plane above the substrate
Structure

Average (V/m)

Min (v/m)

Max (V/m)

Std Dev (V/m)
3.10E+05
2.99E+05
2.37E+05
2.07E+05

Minimum
Enhancement
9.21E-01
9.28E-01
9.72E-01
9.90E-01

Maximum
Enhancement
1.05E+00
1.08E+00
1.06E+00
1.00E+00

Average
Enhancement
9.92E-01
9.83E-01
9.77E-01
9.73E-01

60nmS_10nmG_250Z
70nmS_10nmG_250Z
80nmS_10nmG_250Z
90nmS_10nmG_250Z

2.31E+07
2.30E+07
2.30E+07
2.30E+07

2.21E+07
2.21E+07
2.24E+07
2.25E+07

2.47E+07
2.49E+07
2.48E+07
2.45E+07

100nmS_10nmG_250Z
110nmS_10nmG_250Z
120nmS_10nmG_250Z

2.29E+07
2.29E+07
2.29E+07

2.23E+07
2.22E+07
2.19E+07

2.45E+07
2.46E+07
2.43E+07

2.36E+05
2.84E+05
3.46E+05

9.55E-01
9.45E-01
8.97E-01

1.00E+00
1.03E+00
9.78E-01

9.67E-01
9.63E-01
9.55E-01

ITO_250Z

2.31E+07

2.25E+07

2.44E+07

1.77E+05

Theoretically, all side lengths simulated except the 120 nm side length will produce enhancement with a 10 nm gap at 250
nm above the surface of the substrate with the highest theoretical enhancement at the 70 nm side length geometry.
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2.2.3.2 Gap distance: 20 nm
In Figure 19, the enhancement field is plotted against the x direction. This Z plane was
taken at 250 nm above the substrate surface, which is 225 nm above the nanoantenna.
The average, minimum, maximum, and standard deviation enhancement values are listed
in Table 8. The 90 nm side length nanoantenna structure at 250 nm Z had the least
standard deviation, the least maximum value, the highest minimum value, and the 4 th
highest average value. The electric field is evenly dispersed over the surface of the
nanoantenna and surrounding substrate.
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Figure 19. Data collected from COMSOL showing the 60 – 120 nm Side lengths, 20 nm
gap distances, at 250 nm Z height plane above the substrate, where the 90
nm bowtie nanoantenna is in yellow.
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Table 8. Average, minimum, maximum, and standard deviation for all side lengths and ITO, for 20 nm Gap distance, at a
250 nm height Z plane above the substrate
Structure

Average (V/m)

Min (v/m)

Max (V/m)

Std Dev (V/m)
3.33E+05
3.14E+05
2.50E+05
2.03E+05

Minimum
Enhancement
9.48E-01
9.55E-01
9.71E-01
9.81E-01

Maximum
Enhancement
1.07E+00
1.01E+00
1.01E+00
9.55E-01

Average
Enhancement
9.94E-01
9.84E-01
9.78E-01
9.71E-01

60nmS_20nmG_250Z
70nmS_20nmG_250Z
80nmS_20nmG_250Z
90nmS_20nmG_250Z

2.31E+07
2.30E+07
2.30E+07
2.29E+07

2.22E+07
2.23E+07
2.23E+07
2.24E+07

2.49E+07
2.45E+07
2.45E+07
2.42E+07

100nmS_20nmG_250Z
110nmS_20nmG_250Z
120nmS_20nmG_250Z

2.29E+07
2.29E+07
2.29E+07

2.23E+07
2.22E+07
2.19E+07

2.42E+07
2.44E+07
2.43E+07

2.28E+05
2.80E+05
3.60E+05

9.54E-01
9.40E-01
8.89E-01

9.68E-01
9.89E-01
9.84E-01

9.66E-01
9.60E-01
9.56E-01

ITO_250Z

2.31E+07

2.25E+07

2.44E+07

1.77E+05

Signal amplification will theoretically occur at any enhancement greater than 1. The 60, 70, and 80 nm side length BNA with
a 20 nm gap theoretically experience enhancement at 250 nm above the surface of the substrate with the highest theoretical
enhancement occurring at the 60 nm side length geometry.
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2.2.3.3 Gap distance: 50 nm
In Figure 20, the enhancement field is plotted against the x direction. This Z plane was
taken at 250 nm above the substrate surface, which is 225 nm above the nanoantenna.
The average, minimum, maximum, and standard deviation enhancement values are listed
in Table 9. The 90 nm side length nanoantenna structure at 250 nm Z had the least
standard deviation, the 4th highest maximum value, the 4th highest minimum value, and
the 2nd highest average value. The electric field is evenly dispersed over the surface of
the nanoantenna and surrounding substrate.
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Figure 20. Data collected from COMSOL showing the 60 – 120 nm Side lengths, 50 nm
gap distances, at 250 nm Z height plane above the substrate, where the 90
nm bowtie nanoantenna is in yellow.
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Table 9. Average, minimum, maximum, and standard deviation for all side lengths and ITO, for 50 nm Gap distance, at a
250 nm height Z plane above the substrate
Structure

Average (V/m)

Min (v/m)

Max (V/m)

Std Dev (V/m)
3.47E+05
3.49E+05
2.70E+05
2.06E+05

Minimum
Enhancement
9.46E-01
9.48E-01
9.62E-01
9.74E-01

Maximum
Enhancement
1.10E+00
1.09E+00
1.01E+00
1.01E+00

Average
Enhancement
9.96E-01
9.85E-01
9.76E-01
9.69E-01

60nmS_50nmG_250Z
70nmS_50nmG_250Z
80nmS_50nmG_250Z
90nmS_50nmG_250Z

2.31E+07
2.30E+07
2.30E+07
2.29E+07

2.22E+07
2.22E+07
2.23E+07
2.24E+07

2.51E+07
2.50E+07
2.45E+07
2.45E+07

100nmS_50nmG_250Z
110nmS_50nmG_250Z
120nmS_50nmG_250Z

2.29E+07
2.29E+07
2.28E+07

2.23E+07
2.21E+07
2.20E+07

2.43E+07
2.43E+07
2.42E+07

2.26E+05
2.68E+05
3.57E+05

9.64E-01
9.29E-01
9.10E-01

9.71E-01
9.82E-01
9.68E-01

9.64E-01
9.58E-01
9.53E-01

ITO_250Z

2.31E+07

2.25E+07

2.44E+07

1.77E+05

Signal amplification will theoretically occur at any enhancement greater than 1. The 60, 70, 80, and 90 nm side length BNA
with a 50 nm gap theoretically experience enhancement at 250 nm above the surface of the substrate. The highest occurring
enhancement is at the 60 nm side length geometry.
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2.2.4 Z plane at 500 nm
2.2.4.1 Gap distance: 10 nm
In Figure 21, the enhancement field is plotted against the x direction. This Z plane was
taken at 500 nm above the substrate surface, which is 475 nm above the nanoantenna.
The average, minimum, maximum, and standard deviation enhancement values are listed
in Table 10. The 90 nm side length nanoantenna structure at 500 nm Z had the 4th least
standard deviation, the 4th highest maximum value, the 4th highest minimum value, and
the 4th highest average value. The electric field is evenly dispersed over the surface of
the nanoantenna and surrounding substrate.
Gap distance does not have noticeable impact on electric field at 500 nm above substrate.
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Figure 21. Data collected from COMSOL showing the 60 – 120 nm Side lengths, 10 nm
gap distances, at 500 nm Z height plane above the substrate, where the 90
nm bowtie nanoantenna is in yellow.
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Table 10. Average, minimum, maximum, and standard deviation for all side lengths and ITO, for 10 nm Gap distance, at a
500 nm height Z plane above the substrate
Structure

Average (V/m)

Min (v/m)

Max (V/m)

Std Dev (V/m)
3.28E+05
3.56E+05
3.17E+05
2.89E+05

Minimum
Enhancement
9.61E-01
9.39E-01
9.57E-01
9.55E-01

Maximum
Enhancement
1.02E+00
1.02E+00
1.01E+00
1.01E+00

Average
Enhancement
1.00E+00
9.94E-01
9.88E-01
9.83E-01

60nmS_10nmG_500Z
70nmS_10nmG_500Z
80nmS_10nmG_500Z
90nmS_10nmG_500Z

2.53E+07
2.53E+07
2.52E+07
2.52E+07

2.44E+07
2.43E+07
2.44E+07
2.44E+07

2.68E+07
2.68E+07
2.67E+07
2.67E+07

100nmS_10nmG_500Z
110nmS_10nmG_500Z
120nmS_10nmG_500Z

2.52E+07
2.51E+07
2.51E+07

2.43E+07
2.44E+07
2.43E+07

2.66E+07
2.68E+07
2.64E+07

2.57E+05
2.33E+05
2.79E+05

9.46E-01
9.56E-01
9.33E-01

1.00E+00
1.02E+00
9.61E-01

9.78E-01
9.73E-01
9.65E-01

ITO_500Z

2.53E+07

2.47E+07

2.66E+07

1.92E+05

Signal amplification will theoretically occur at any enhancement greater than 1. The 60, 70, 80, 90, and 110 nm side length
BNA with a 10 nm gap theoretically experience enhancement at 500 nm above the surface of the substrate. The highest
enhancement is at the 60, 70, and 110 nm side length geometries.
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2.2.4.2 Gap distance: 20 nm
In Figure 22, the enhancement field is plotted against the x direction. This Z plane was
taken at 500 nm above the substrate surface, which is 475 nm above the nanoantenna.
The average, minimum, maximum, and standard deviation enhancement values are listed
in Table 11. The 90 nm side length nanoantenna structure at 500 nm Z had the 4th least
standard deviation, the highest maximum value, the highest minimum value, and the 4 th
highest average value. The electric field is evenly dispersed over the surface of the
nanoantenna and surrounding substrate.
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Figure 22. Data collected from COMSOL showing the 60 – 120 nm Side lengths, 20 nm
gap distances, at 500 nm Z height plane above the substrate, where the 90
nm bowtie nanoantenna is in yellow.
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Table 11. Average, minimum, maximum, and standard deviation for all side lengths and ITO, for 20 nm Gap distance, at a
500 nm height Z plane above the substrate
Structure

Average (V/m)

Min (v/m)

Max (V/m)

Std Dev (V/m)
3.35E+05
3.75E+05
3.49E+05
2.99E+05

Minimum
Enhancement
9.51E-01
9.47E-01
9.37E-01
9.63E-01

Maximum
Enhancement
1.02E+00
1.04E+00
1.02E+00
1.05E+00

Average
Enhancement
9.99E-01
9.94E-01
9.88E-01
9.83E-01

60nmS_20nmG_500Z
70nmS_20nmG_500Z
80nmS_20nmG_500Z
90nmS_20nmG_500Z

2.53E+07
2.53E+07
2.52E+07
2.52E+07

2.44E+07
2.43E+07
2.43E+07
2.44E+07

2.68E+07
2.69E+07
2.67E+07
2.70E+07

100nmS_20nmG_500Z
110nmS_20nmG_500Z
120nmS_20nmG_500Z

2.51E+07
2.51E+07
2.51E+07

2.44E+07
2.44E+07
2.42E+07

2.65E+07
2.64E+07
2.63E+07

2.48E+05
2.39E+05
2.77E+05

9.53E-01
9.61E-01
9.28E-01

9.82E-01
9.61E-01
9.57E-01

9.75E-01
9.73E-01
9.65E-01

ITO_500Z

2.53E+07

2.47E+07

2.66E+07

1.92E+05

Signal amplification will theoretically occur at any enhancement greater than 1. The 60, 70, 80, and 90 nm side length BNA
with a 20 nm gap theoretically experience enhancement at 500 nm above the surface of the substrate with the highest
enhancement at the 70 nm side length geometry.
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2.2.4.3 Gap distance: 50 nm
In Figure 23, the enhancement field is plotted against the x direction. This Z plane was
taken at 500 nm above the substrate surface, which is 475 nm above the nanoantenna.
The average, minimum, maximum, and standard deviation enhancement values are listed
in Table 12. The 90 nm side length nanoantenna structure at 500 nm Z had the 4th least
standard deviation, the 3rd highest maximum value, the 4th highest minimum value, and
the 4th highest average value. The electric field is evenly dispersed over the surface of
the nanoantenna and surrounding substrate.
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Figure 23. Data collected from COMSOL showing the 60 – 120 nm Side lengths, 50 nm
gap distances, at 500 nm Z height plane above the substrate, where the 90
nm bowtie nanoantenna is in yellow.
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Table 12. Average, minimum, maximum, and standard deviation for all side lengths and ITO, for 50 nm Gap distance, at a
500 nm height Z plane above the substrate
Structure

Average (V/m)

Min (v/m)

Max (V/m)

Std Dev (V/m)
3.48E+05
3.98E+05
3.73E+05
3.20E+05

Minimum
Enhancement
9.58E-01
9.40E-01
9.54E-01
9.44E-01

Maximum
Enhancement
1.03E+00
1.03E+00
1.04E+00
1.03E+00

Average
Enhancement
1.00E+00
9.94E-01
9.88E-01
9.81E-01

60nmS_50nmG_500Z
70nmS_50nmG_500Z
80nmS_50nmG_500Z
90nmS_50nmG_500Z

2.53E+07
2.53E+07
2.52E+07
2.52E+07

2.44E+07
2.43E+07
2.44E+07
2.43E+07

2.68E+07
2.68E+07
2.69E+07
2.68E+07

100nmS_50nmG_500Z
110nmS_50nmG_500Z
120nmS_50nmG_500Z

2.51E+07
2.51E+07
2.51E+07

2.44E+07
2.44E+07
2.42E+07

2.66E+07
2.64E+07
2.64E+07

2.87E+05
2.63E+05
2.93E+05

9.48E-01
9.62E-01
9.22E-01

1.00E+00
9.68E-01
9.63E-01

9.76E-01
9.72E-01
9.63E-01

ITO_500Z

2.53E+07

2.47E+07

2.66E+07

1.92E+05

Signal amplification will theoretically occur at any enhancement greater than 1. The 60, 70, 80, and 90 nm side length BNA
with a 50 nm gap theoretically experience enhancement at 500 nm above the surface of the substrate where the highest
enhancement is the 80 nm side length geometry. .
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2.2.5 Z plane at 1000 nm
2.2.5.1 Gap distance: 10 nm
In Figure 24, the enhancement field is plotted against the x direction. This Z plane was
taken at 1000 nm above the substrate surface, which is 975 nm above the nanoantenna.
The average, minimum, maximum, and standard deviation enhancement values are listed
in Table 13. The 90nm side length nanoantenna structure at 1000 nm Z had the 3rd
highest standard deviation, the least maximum value, the 4th highest minimum value, and
the 2nd highest average value. The electric field is evenly dispersed over the surface of
the nanoantenna and surrounding substrate.

Gap distance does not have noticeable impact on electric field at 1000 nm above the
substrate.
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Figure 24. Data collected from COMSOL showing the 60 – 120 nm Side lengths, 10 nm
gap distances, at 1000 nm Z height plane above the substrate, where the
90 nm bowtie nanoantenna is in yellow.
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Table 13. Average, minimum, maximum, and standard deviation for all side lengths and ITO, for 10 nm Gap distance, at a
1000 nm height Z plane above the substrate
Structure

Average (V/m)

Min (v/m)

Max (V/m)

Std Dev (V/m)
3.91E+05
4.93E+05
5.22E+05
5.17E+05

Minimum
Enhancement
9.56E-01
9.21E-01
9.13E-01
9.16E-01

Maximum
Enhancement
1.04E+00
1.06E+00
9.88E-01
9.76E-01

Average
Enhancement
1.01E+00
1.01E+00
1.00E+00
1.01E+00

60nmS_10nmG_1000Z
70nmS_10nmG_1000Z
80nmS_10nmG_1000Z
90nmS_10nmG_1000Z

3.15E+07
3.15E+07
3.15E+07
3.15E+07

3.04E+07
3.01E+07
3.00E+07
3.01E+07

3.41E+07
3.42E+07
3.36E+07
3.35E+07

100nmS_10nmG_1000Z
110nmS_10nmG_1000Z
120nmS_10nmG_1000Z

3.15E+07
3.14E+07
3.14E+07

3.00E+07
2.99E+07
3.01E+07

3.44E+07
3.40E+07
3.35E+07

5.15E+05
5.25E+05
5.00E+05

9.12E-01
8.98E-01
9.16E-01

1.09E+00
1.04E+00
9.82E-01

1.00E+00
9.99E-01
9.97E-01

ITO_1000Z

3.14E+07

3.07E+07

3.37E+07

2.23E+05

The 60, 70, 100, and 110 nm side length BNA with a 10 nm gap theoretically experience enhancement at 1000 nm above
the surface of the substrate where the highest enhancement occurs in the 100 nm side length geometry.
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2.2.5.2 Gap distance: 20 nm
In Figure 25, the enhancement field is plotted against the x direction. This Z plane was
taken at 1000 nm above the substrate surface, which is 975 nm above the nanoantenna.
The average, minimum, maximum, and standard deviation enhancement values are listed
in Table 14. The 90 nm side length nanoantenna structure at 1000 nm Z had the 4thleast
standard deviation, the 5th highest maximum value, the 3rd highest minimum value, and
the 4th highest average value. The electric field is evenly dispersed over the surface of
the nanoantenna and surrounding substrate.
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Figure 25. Data collected from COMSOL showing the 60 – 120 nm Side lengths, 20 nm
gap distances, at 1000 nm Z height plane above the substrate, where the
90 nm bowtie nanoantenna is in yellow.
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Table 14. Average, minimum, maximum, and standard deviation for all side lengths and ITO, for 20 nm Gap distance, at a
1000 nm height Z plane above the substrate
Structure

Average (V/m)

Min (v/m)

Max (V/m)

Std Dev (V/m)
3.93E+05
5.18E+05
5.66E+05
5.32E+05

Minimum
Enhancement
9.50E-01
9.35E-01
9.04E-01
9.12E-01

Maximum
Enhancement
9.89E-01
1.09E+00
1.05E+00
9.66E-01

Average
Enhancement
1.01E+00
1.01E+00
1.01E+00
1.01E+00

60nmS_20nmG_1000Z
70nmS_20nmG_1000Z
80nmS_20nmG_1000Z
90nmS_20nmG_1000Z

3.15E+07
3.15E+07
3.15E+07
3.15E+07

3.03E+07
3.02E+07
3.00E+07
3.00E+07

3.36E+07
3.44E+07
3.41E+07
3.34E+07

100nmS_20nmG_1000Z
110nmS_20nmG_1000Z
120nmS_20nmG_1000Z

3.14E+07
3.14E+07
3.14E+07

2.99E+07
3.00E+07
2.99E+07

3.38E+07
3.34E+07
3.34E+07

5.34E+05
5.44E+05
5.14E+05

8.93E-01
9.06E-01
9.01E-01

1.02E+00
9.64E-01
9.70E-01

1.00E+00
1.00E+00
9.95E-01

ITO_1000Z

3.14E+07

3.07E+07

3.37E+07

2.23E+05

The 60, 70, 80, 90, and 100 nm side length BNA with a 20 nm gap theoretically experience enhancement at 1000 nm above
the surface of the substrate where the highest enhancement occurs in the 70 nm side length geometry.
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2.2.5.3 Gap distance: 50 nm
In Figure 20, the enhancement field is plotted against the x direction. This Z plane was
taken at 1000 nm above the substrate surface, which is 975 nm above the nanoantenna.
The average, minimum, maximum, and standard deviation enhancement values are listed
in the Table. The 90 nm side length nanoantenna structure at 1000 nm Z had the 7th least
standard deviation, the 4th highest maximum value, the 3rd highest minimum value, and
the 4th highest average value. The electric field is evenly dispersed over the surface of
the nanoantenna and surrounding substrate.
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Figure 26. Data collected from COMSOL showing the 60 – 120 nm Side lengths, 50 nm
gap distances, at 1000 nm Z height plane above the substrate, where the
90 nm bowtie nanoantenna is in yellow.
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Table 15. Average, minimum, maximum, and standard deviation for all side lengths and ITO, for 50 nm Gap distance, at a
1000 nm height Z plane above the substrate
Structure

Average (V/m)

Min (v/m)

Max (V/m)

Std Dev (V/m)
3.99E+05
5.47E+05
5.95E+05
5.94E+05

Minimum
Enhancement
9.55E-01
9.20E-01
8.89E-01
9.12E-01

Maximum
Enhancement
9.84E-01
1.11E+00
1.00E+00
1.03E+00

Average
Enhancement
1.01E+00
1.01E+00
1.01E+00
1.00E+00

60nmS_50nmG_1000Z
70nmS_50nmG_1000Z
80nmS_50nmG_1000Z
90nmS_50nmG_1000Z

3.15E+07
3.15E+07
3.15E+07
3.15E+07

3.04E+07
3.01E+07
2.98E+07
3.00E+07

3.36E+07
3.46E+07
3.37E+07
3.39E+07

100nmS_50nmG_1000Z
110nmS_50nmG_1000Z
120nmS_50nmG_1000Z

3.14E+07
3.14E+07
3.14E+07

2.98E+07
3.00E+07
2.97E+07

3.43E+07
3.43E+07
3.37E+07

5.69E+05
5.85E+05
5.41E+05

8.81E-01
9.10E-01
8.78E-01

1.07E+00
1.07E+00
1.01E+00

1.00E+00
1.00E+00
9.96E-01

ITO_1000Z

3.14E+07

3.07E+07

3.37E+07

2.23E+05

All simulated side length BNA with a 50 nm gap theoretically experience enhancement at 1000 nm above the surface of the
substrate where the highest enhancement occurs in the 70 nm side length geometry.

77

2.2.6 Total Comparison
The graphs below show a comparison on all the gaps and all the Z heights as a
composite. The trend is clear: The maximum near surface Z height of 35 nm shows the
most variability and has the highest electric field in the 60, 70, 80 nm structures, while the
90, 100, 110, 120 nm structures have the highest electric field at the 100 nm Z height.
Following those findings, the pattern for highest electric field is the 1000 nm, then 500
nm, then 250 nm Z height. Figure 27 – 29 show the bands of electric field activity and the
variability of the near-surface Z height. This variability is of concern because the lowest
point is nearly 25% the electric field of the highest electric field of the structure. The color
legend is shown in the table below.
The fluctuations between Z heights are expected. The electric field will vary in intensity
depending on the probed distance. However, the blue region, at 35 nm Z height, shows
a fluctuation in electric field intensity that is more reliant on the plasmonic effects of the
bowtie nanoantenna geometry. The 60 nm, 70 nm, and 80 nm show large maximum and
minimum fluctuations. The 90 nm – 120 nm side lengths show less abrupt deviations. The
90 nm side length was selected for fabrication as the relative intensity does not fluctuate
as greatly as the 60 – 80 nm group, but is still one of the higher electric fields.
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Table 16. Color legend and corresponding Z plane heights (nm)
Color

Z height (nm)

Blue

35

Orange

110

Gray

250

Yellow

500

Green

1000

Figure 27. The 60 nm Side length, all Gaps, at all nm Z height planes.
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The 60 nm side length equilateral triangle is the smallest triangle simulated and is seen
in Figure 27, and although the gap distances play a large role in the near surface
measurement at the 35 nm Z plane, the gap distances do not have as large of an effect
further away from the substrate.

Figure 28. The 70 nm Side length, all Gaps, at all nm Z height planes.

In Figure 28 it can be seen that the gap distance has an effect on the electric field at the
35 nm Z plane, but does not appear to have any effect further away from the
nanoantenna.
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Figure 29. The 80 nm Side length, all Gaps, at all nm Z height planes.

In Figure 29 it appears that the near surface electric field is decreasing as compared to
Figure 28 and Figure 27. The electric field at the 35 nm Z plane has the greatest variability.
Additionally, there is variability in the electric field between the different gap distances of
10, 20, and 50nm at the 35 nm Z plane. However, the gap distance does not have a large
effect on the electric field at the 110 nm Z plane and above.
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Figure 30. The 90 nm Side length, all Gaps, at all nm Z height planes.

The 90 nm side length triangle bowtie nanoantenna were ultimately chosen for this
work1,125,137,138. In Figure 30 it can be seen that the gap distance is affecting the electric
field at the 35 nm Z plane but not as intensely as in the 60 – 80 nm triangles.
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Figure 31. The 100 nm Side length, all Gaps, at all nm Z height planes.

In Figure 31, it is shown that the dependency on the gap distance has decreased,
however the lowest possible electric field is at the Z height of 35 nm and has the greatest
fluctuations.
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Figure 32. The 110 nm Side length, all Gaps, at all nm Z height planes.

The 110 nm side length triangle nanoantenna seen in Figure 32 has an even lower electric
field at the 35 nm Z plane, however the electric field has less dependency on the gap
distance.
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Figure 33. The 120 nm Side length, all Gaps, at all nm Z height planes.

And finally, Figure 33 has the 120 nm side length triangle bowtie nanoantenna. The lowest
possible electric field is approximately 35 nm Z above the substrate surface, and the gap
has little effect on the intensity.
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2.2.7 Indium Tin Oxide Baseline

Figure 34. Indium Tin Oxide (ITO) at all nm Z height planes.

The ITO baseline is a measure of the simulated enhancement using an ITO substrate
without a nanoantenna. This is seen in Figure 34 above, where the highest electric field
is at 110 nm above the surface of the ITO. The purpose of this particular simulation was
to determine if enhancement existed outside the region of the gold nanoantenna
structure, especially as the chances of depositing a film of amino acid solely on a gold
nanostructure is nearly impossible – this provides the background enhancement. The
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enhancement factors previously calculated and listed in Tables 1 – 15 are all calculated
against the simulated ITO substrate. An example simulation is shown below in Figure 35.

Figure 35. An example simulation with YX plane view of the ITO substrate simulation
where the BNA material was selected to be air in order to measure the
electric field of the ITO.
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2.2.8 Geometry selection for fabrication
After evaluating the electric fields, potential enhancement fields, and capability of the tools
available. The 90 nm side length equilateral triangle and 270 nm side length equilateral
triangle geometries were selected. The gap distances chosen for each pair were 10 nm,
20 nm, and 50 nm. The CST simulations determined that a side length between 60 and
120 nm were favorable and the COMSOL simulations confirmed the relative similarity in
in electric fields. The 90 nm side lengths were chosen as a midpoint to allow for fabrication
deviation that would cause the structure to be slightly larger or smaller than 90 nm and
still reach the projected maximum electric fields.

2.2.9 Monte Carlo simulation of electron beam of lithography
The PMMA aspect ratio was investigated using Monte Carlo simulations performed by
CASINO at 50 kV with varying electron counts1. Monte Carlo is a numerical solution
simulation solver single photon scattering approach that analyzes, simulates, and projects
results from a range of parameters and boundary conditions140–144.
Monte Carlo are repeatedly, and randomly sampling data in order to produce results, and
easy to use as it relates to material parameters, and it has the ability to model with
complex geometry and optical properties140. The beam size was estimated to be a circular
5 nm for the Raith Voyager, and CASINO assumes a Gaussian beam with a userspecified beam diameter of 99.9% of the beam1,145. The penetration depth of the electrons
and the energies and trajectories of the backscattered electrons can be seen in the
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CASINO simulations.1 The total number of backscattered electrons can be derived from
the CASINO output backscattered electron coefficient1,145. One of the CASINO outputs is
a visual representation of the backscattered electron penetration and spread, which could
over expose the polymer mask1. This overexposure is referred to as the proximity effect
and is due to backscattered electrons that may adversely affect the nanolithography
pattern146,147.
The schematics in Figure 36 describe the ideal development and deposition case as well
as a failed case with overexposure. These are additional reasons for the criticality of dose
and the importance in identifying an appropriate working range1. The cavity created by
the development and lithography would allow the deposited thin metal films to avoid
connecting with each other. If the dose was too high, then the inflated footprint could have
sloped sidewalls, leading to connections between the thin metal films1. A failed
nanoantenna was often caused by sidewall adhesion, causing the deposited metal to
violently rip the nanoantenna away from the substrate during metal lift off 1. As a result,
the nanoantenna may be missing entirely from the substrate or the edges of the
nanoantenna could be sheared or jagged1.
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Figure 36. A simplified cross section of deposition with (a) ideal exposure and (b)
exposure impacted by severe electron backscattering.

2.2.9.1 Examining accelerating voltage and electron count
CASINO is used to understand the proximity effect and backscattered electron
overexposure in order to guide nanoantenna fabrication efforts

1,145,148.

Chapters 3 will

discuss that higher electron beam accelerating voltage results in better aspect ratios for
nanolithography125. Chapter 4 will discuss the relationship between backscattering
electrons and mask overexposure.
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Chapter 3 Development Fabrication Parameter
As previously discussed, when fabricated with the appropriate dimensions, nanoantennas
can improve Raman spectroscopy measurements. Although nanoantennas can be any
number of geometry, bowtie nanoantenna have exhibited a more localized electric field,
which lends them to be one of the more popular geometries117,149. The localized electric
field has been predicted to be enhanced as many as 1000 times when using a gold
conductive layer in the near field range150. The bowtie nanoantenna produce an enhanced
electric field near and between the gap of the triangles151. The popularity of the
nanoantenna is its ability to promote enhancement of spectra on a nanometer scale152.
This enhancement can be used for surface-enhanced Raman spectroscopy (SERS),
where the nanoantenna magnifies the Raman signal response as compared to a
substrate without the presence of nanoantennas149.
One of the ways nanoantenna are fabricated is by utilizing a standard metal lift off process
which involves using a polymer layer, or a positive resist, as a mask 1,134,149,153. There are
two major classifications for polymer resists: positive and negative. A positive resist
undergoes molecular scission during electron beam exposure, while a negative resist
undergoes molecular-crosslinking at exposure154. In this case, polymethyl methacrylate
(PMMA) is as a positive resist, where the exposed areas undergo molecular scissioning
events during exposure and then those remaining broken polymer chains are dissolved
when in contact with a developer, or solvent155. The preferential dissolution by the
developer leaves the unexposed, unbroken polymer chain areas intact154. This fabricated
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cavity is subsequently filled with the desired material during deposition 1. Methyl isobutyl
ketone (MIBK) is considered to be a strong solvent for PMMA; it can also be used as a
dilute solution with isopropanol (IPA)154. The dilute solution is ideal for controlling
development at lower electron doses where the electrons break the polymer chains and
produce scission events154. Scission events start to occur when the charge density is
around 5×10-5 to 5×10-4 Coulombs/cm2[155]. During the first design of experiments to
determine the processing parameters for bowtie nanoantenna fabrication, an exposure
line dose of 1.5 nC/cm with a 10 nm beam line width was used101. This chapter intends
to discuss the critical role development plays in fabricating bowtie nanoantenna where
the positive resist is PMMA in anisole (495k M.W. and 950k M.W.), sourced from Kayaku,
formerly MicroChem Corp101. This was done experimentally

at the Virginia

Microelectronics Center (VMC) and Nanomaterials Core Characterization (NCC) at VCU
by ranging the development time, MIBK:IPA 1:3, from 10 seconds –100 seconds by 10
seconds

and then ranging again at a finer range of 35 seconds – 40 seconds by

1seconds101.

3.1 Methods and materials for development
Monte Carlo simulations were implemented to model the electron beam using a software,
Casino, at 5 keV, 15 keV, and 30 keV with 200 electrons (an arbitrary density) in order
to assess the achievable aspect ratio of beam size to exposed area with a PMMA mask,
shown in Figure 38101. As mentioned in the simulations chapter, higher accelerating
voltage would provide the best aspect ratio result in PMMA for this work 101.

92

The lithography was performed at the NCC with a Hitachi SU70 scanning electron
microscope (SEM) and a nanometer pattern generation system by JC Nabity Lithography
Systems designed to modify the SEM into an electron beam lithography tool 101. First, the
mask was prepared by spin coating a bilayer of 495k and 950k M.W. of PMMA in anisole
onto a 280 micron thick, <100>, double side polished silicon wafer, from University
Wafer101. At that time, bowtie nanoantennas with a designed 50 nm gap and a 90 nm side
length were able to be fabricated101. Due to process improvement, that feasibly fabricated
geometry has since changed and is discussed in subsequent chapters1. However, for this
initial experiment, a 1.5 nC/cm line dose and the maximum accelerating voltage, 30 kV,
were used101. The signal to noise ratio were balanced using an appropriate condenser
lens value101. Initially, focusing was performed on a gold standard, purchased from
TedPella, Inc.; lithography followed appropriate focusing and astigmation adjustments 101.
25 by 10 pairs and 10 by 5 pairs arrays were patterned to guarantee that there were
sufficient exposed regions for analysis as described in previous work

101,137,138.

The substrate was submerged in the development solution after exposure101. The
developer was sourced from Kayaku, previously MicroChem Corp., and was refrigerated
at 4°C101. Yan et al. discussed that higher resolution voids were created by utilizing
refrigerated MIBK 1:3156. A study was performed ranging the development time from 10
seconds to 100 seconds, followed by an IPA rinse to remove any residual MIBK:IPA 1:3
solvent101. An additional experimental development time range was explored from 35
seconds – 40 seconds101.
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After development and the subsequent washing, the samples were prepared for electron
beam evaporation deposition (EBED) 101. An adhesion layer of 5 nm of chromium was
deposited onto the silicon substrate101. The 10 – 100 seconds development range had a
15 nm conductive layer of copper, while the 35 – 40 seconds development range had a
15nm thick conductive layer of gold101. The purities for the chromium, gold, and copper,
purchased from Kurt J. Lesker, are 99.994–99.998%, 99.999%, and 99.99%,
respectively.
Metal lift off was performed after deposition with Remover PG, a solvent purchased from
Kayaku101. The Figure 37 showing metal lift off is below.

Figure 37. An image of three samples in Remover PG undergoing metal lift off. These are
ITO coated SiO2 substrates with a PMMA mask layer after metal deposition
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Afterwards, the deposited samples were washed with IPA, then deionized water, to
remove any remaining Remover PG101. Finally, they were dried with nitrogen before
placed in their respective sample boxes101.

3.2 Simulation results and discussion
Monte Carlo simulations were also performed at the following excitation voltages, 5keV,
15keV, and 30keV, to visualize the scattering electron distribution101. The Monte Carlo
simulations utilized an electron beam spot size determined by a calibration performed at
53.0 pA on the Hitachi SU70 SEM, which mirrored the lithography conditions101. The
average spot size was experimentally found to be 8.97 nm from 145 points101. This
calibration spot size strip is found in Figure 39 below. The thickness of the PMMA used
is in the simulation is 73.5 nm, which is the same experimental thickness of PMMA as
verified with ellipsometry.
A beam with current of 53.0 pA was used to produce the calibration strip under the same
lithography conditions as sample fabrication101.
A

B

C

Figure 38. Monte Carlo simulations utilizing (A) 5 keV, (B) 15 keV, (C) 30 keV.
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A

B

Figure 39. Calibration strip of gold particles after liftoff imaged at (A) 30 kV and 200 nm
field of view and (B) 30 kV and 3.00 µm field of view. These nanometer
scale particles were used to estimate the beam size to be 8.97 nm.

There is a significant decrease in scattering with higher accelerating voltages as seen in
Figure 38101. The aspect ratio for the 30 keV and 5 keV excitation voltages are 1:1 and
4:1, respectively101. Lithography was performed at the highest achievable accelerating
voltage on available equipment in order to achieve a more favorable aspect ratio1,101. The
aspect ratio is dependent on electron beam backscattering1.

3.3 Fabrication results and discussion
The SEM images in the figures below were captured by a Hitachi SU70 SEM101.
Contained in the images are the copper and gold samples that were varied at different
development times. In order to conserve material for this experiment, copper was used in
the coarse tuned 10 – 100 seconds development samples and gold was used as the
development range was finer, between 35 – 40 seconds101.
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A

C

B

Figure 40. Bowtie nanoantenna developed for 50 seconds. A, three individual bowtie
nanoantenna are displayed; B, individual nanoantenna are seen
underneath a metal curl; and C, the full 10×5 bowtie nanoantenna array is
displayed under a metal curl.
Figure 40 displays nanoantenna that were developed at 50 seconds. Figure 40C displays
a failed metal lift off from over development. Due to the merger of features, these
nanoantenna arrays were considered as failures for this 50 second development time101.
In Figure 40A, a triangle shape is drawn over the image to demonstrate the desired
shape101,137,138. Although failure was due to overdevelopment, demonstrated by the
merged shape, the failed metal lift off, shown by the metal curl in Figure 40 B, would also
disqualify this set101.
In Figure 41, the bowtie nanoantenna show improvement as compared to the copper
bowtie nanoantenna that were developed for 50 seconds, seen previously in Figure 40101.
ImageJ, an image processing software, was used to measure the footprint area, and the
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footprint of the 40 seconds development is 37% the size of the footprint of bowtie
nanoantenna at 50 seconds of development101. Despite this improvement, there is still
excess material surrounding the edge of the nanoantenna101.

A

C
B
C

B

Figure 41. Bowtie nanoantenna developed for 40 seconds. A, an individual bowtie
nanoantenna is displayed; B, three individual nanoantenna are seen; and
C, the full 25×10 bowtie nanoantenna array is displayed with the remaining
metal.
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Figure 42, below, displays a gold set of bowtie nanoantenna that underwent development
for 36 seconds101. This development time was more successful than previous trials,
however excess metal remains surrounding the right angle location marker and the bowtie
nanoantennas. This is visible in Figure 42C, as well as in Figure 42A. This extra metal
tailing from the bowtie nanoantennas was resolved in the next experiment.

A

C

B

Figure 42. Bowtie nanoantenna developed for 36 seconds. A, several bowtie
nanoantenna are displayed. B, rows of bowtie nanoantenna are present,
and C, the full 25×10 array is displayed with the remaining metal around
the alignment marker.
Figure 43, below, displays a bowtie nanoantenna set that was developed for 38 seconds.
Of all the trials completed, this development time was considered to be ideal as the
nanoantennas were isolated, distinct structures. Although this development time had
similar results as the 36 seconds development time, the 38 seconds development time
was preferred as the trailing metal was minimized and the structures did not experience
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any difficulty with metal lift off101. The lack of feature symmetry was addressed in following
experiments101.

C

A

A
C

C

A
C

A
C

B
C

Figure 43. Bowtie nanoantenna developed for 38 seconds. (A) Three bowtie nanoantenna
are displayed; (B) several bowtie nanoantenna are present; and (C) a partial
view of the 25x10 array is displayed.

Figure 44 shows a nanoantenna array at the 1,000 nm, 500 nm, and 100 nm field of view.
There is a lighter area surrounding the nanoantenna that appears a lighter gray or white
in the SEM image. This halo is either charging due to excess organic solvent that was not
completely washed away or excess metal from the metal lift off process. The sample was
developed for 38 seconds with MIBK:IPA 1:3 and rinsed for 30 seconds with IPA. In order
to compensate for the rounding, a slightly different structure was programmed.
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A

C

C

B

Figure 44. Bowtie nanoantenna specially designed to compensate for rounding developed
for 38 seconds. A, a single bowtie nanoantenna is displayed; B, two bowtie
nanoantenna are present, and C, several bowtie nanoantenna are
displayed.

Samples that were developed at times greater than 50 seconds failed and were left with
areas that had been deposited with gold or copper that had completely peeled off during
the metal lift off step. Contrarily, the PMMA was underdeveloped in development times
less than 36 seconds. The voids in the PMMA were not viable for deposition and the
substrate was left bare after deposition and metal lift off.
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3.4 Conclusion
Nanoantennas are nanoscale devices that produce an electric field between two points
of a conductive nanostructure. These devices can be fabricated using different
geometries. This study focused on bowtie nanoantenna fabrication and the role of the
development step, in particular. It was demonstrated that the footprint of the bowtie
nanoantenna increased 37% of the design size when the development time increased by
ten seconds. In addition, it was demonstrated that the quality of the nanoantenna was
influenced by as little as 2 second difference.
This study provides insight into the appropriate fabrication parameters necessary to
create bowtie nanoantennas according to design specifications. These devices
demonstrate the potential to enhance the signal for Raman spectroscopy (SERS) and
can be used to amplify molecular fingerprints, which can then be leveraged to furthering
the understanding of biomolecular and chemical reaction sensing. Using these
nanoantennas, changes in the chemical bond can be detected to provide critical
information present at the molecular level157. It was also demonstrated that maximum
nanoantenna electric fields (or hot spot) are apparent when the plasmonic resonant
wavelength of the structure matches the incident light wavelength.
Fabrication parameters are important as they may have tighter constraints depending on
the desired geometry and size. This work was intended for operation at 532 nm excitation
wavelength. The basic fabrication steps are as follows: polymer mask deposition,
exposure, development, adhesion and conductive layer deposition via electron beam

102

evaporation deposition, and metal lift off. The polymer mask was a bilayer of polymethyl
methacrylate (PMMA) in anisole (495k M.W. and 950k M.W.) (purchased from Kayaku)
and the developer used in this work was methyl isobutyl ketone: isopropyl alcohol
(MIBK:IPA) 1:3 (also sourced from Kayaku). The influence of the developer areal footprint
and overall quality of bowtie nanoantenna arrays was studied. This study explored a
geometry 90 nm equilateral triangle side lengths and 50 nm gap distances, with 532 nm
(x direction) by 1.5 µm (y direction) separation. Grids of 10x5 and 10x25 nanoantenna
arrays with varying development times (10–100 seconds) were fabricated. Results
indicated that a 10 second change, from 40 second to 50 second could lead to failure
through structure merges or undefined shapes.
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Chapter 4 Dose Factor Fabrication Parameter
This chapter will compare the applied energy doses for three different tip-to-tip gap
spacing for a 270 nm side length equilateral triangle. This was performed to better
understand the dependency of the applied dose on final structure. This work employs a
metal lift off process to manufacture isolated nanostructures 1,101.

Figure 45. A drawing detailing the a, side length, b, tip-to-tip gap, and c, total width for the
bowtie nanoantenna.1

The nanostructures in this section are bowtie nanoantennas of equilateral triangle
geometry with a side length of 270 nm and gap distances of 50 nm, a 20 nm, and a 10
nm. As previously discussed, these nanoantennas are fabricated in a five-step
process1,101,137,138. This process is as follows: apply a resist mask, expose, develop,
deposit, and metal lift off.1,101 The purpose of the resist is to shield the substrate from
unwanted deposition1. During exposure the resist polymer is bombarded with electrons
in order to promote molecular scissioning and breakdown large polymer chains1. A critical
step of fabrication is exposure of the polymer mask 1. An overexposure or an
underexposure can create a discrepancy between the designed and experimental foot
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print of the nanostructure1. This can cause an unpredictable performance in spectra
enhancement1. While there is proximity effect software that can be used to automatically
account for excessive dosing, this work experimentally studied the effect of dose without
correction software in order to further understand the effect of dose on positive PMMA
resist1,158.
The smaller chains that were created during the exposure step can now be preferentially
dissolved154,155. The solvent is referred to as a developer 1. The larger chains remain while
the smaller chains are dissolved and subsequently washed away, leaving a cavity for
deposition1,154,155. A schematic of exposure and development are shown in Figure 46.
CASINO was used to theoretically compute the backscattering coefficient, which would
allow for further understanding the interaction of the electron beam and the polymer mask
layers101,145,159.
A.

B.
PMMA
ITO coated SiO2

PMMA
ITO coated SiO2

Figure 46. A cross section of PMMA on the ITO/SiO2 substrate with the A, active exposed
area during exposure but before development and B, after exposure, after
development.1

After the development step and dissolution of broken polymer chains created by
exposure, electron beam evaporation deposition is used to deposit the adhesion and
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conducting layers1. Finally, excess PMMA resist was removed by exposing the entire
sample to a solvent for the metal lift off process1.

4.1 Methodologies
The bowtie nanoantenna structures in this work were fabricated in the Virginia
Microelectronics Cleanroom (VMC), a Class 1000 cleanroom1,101. The substrates are
indium tin oxide (ITO) coated glass cover slips purchased from SPI supplies, 0.13 0.17
mm thick, with 8 – 12 Ω resistivity. A positive PMMA resist is applied after cleaning the
samples with isopropanol and acetone1. The PMMA was sourced from Kayaku; the final
resist thickness is 120 nm and composed of four layers1. The first two layers are 495,000
molecular weight PMMA A2 and the final two layers are 950,000 molecular weight PMMA
A21. The denotation “A2” is Kayaku’s method of specifying that 2% PMMA solids are
dissolved in anisole. The ratio of applied PMMA A2 molecular weights was 1:1
495,000:950,000 by volume1. Each layer of PMMA resist was spin coated in a stepped
program: 5 seconds at 500 rpm, then 45 seconds at 3500 rpm, then 5 seconds at 300
rpm1. Following spin coating, the ITO/glass substrate was placed on a hotplate at 115°C
for 2 min for each layer1.
The lithography was performed using a Raith Voyager. The schematic below in Figure 47
shows the Raith Voyager used for the electron beam lithography.
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Figure 47. The Raith Voyager in the Virginia Microelectronics Center with a schematic of
the electron beam lithography system.

The excitation voltage and beam current of the instrument was 50 kV and 309.7 pA,
respectively. This instrument has an approximate beam current deviation <±0.2%/hour.
Each sample took approximately three hours to pattern. The pattern is first created in the
Raith Nanosuite GDSII CAD editing, software with 50 MHz, 18-bit pattern generator. At
the standard write speed of 1 cm2/hour, the beam has a stability of 15 nm/hour.
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A cold development process was used with refrigerated MIBK:IPA 1:3 at 4°C; this process
promotes increased feature contrast and decreases the polymer mask sensitivity to the
developer1,156. As previously mentioned in an earlier study, the optimal development time
range was between 30 and 40 seconds101. The samples for this dose factor study and
moving forward were developed for 36 seconds101. After the cold development, the
samples were rinsed with refrigerated IPA and placed in the electron beam evaporation
deposition system vacuum chamber and left overnight in order to reach a final high
vacuum of 2.0×10-8 Torr before deposition. The adhesion layer was Chromium (5 nm)
deposited at 0.2 Å/s followed by the conductive layer, Gold, which was deposited at 0.2
Å/s then at 0.1 Å/s six minutes before target film thickness was reached for a total film
thickness detected at 30 nm via crystal monitor. The roughness was measured with an
AFM at the NCC and was found to have an RMS roughness of 462.9 pm. Next, the
samples underwent metal lift off by soaking in Remover PG (Kayaku) at 70°C for 2 hours
with a stir bar rotating at 70 rpm, as seen previously in Figure 37. The solvent Remover
PG was recommended by the manufacturer to remove the polymer mask. The sample
was then soaked in Acetone for five minutes before a final wash with IPA to remove any
residual solvent or detached metal particles. The dose matrix is seen in Figure 48 and
consists of 20 different dose factor arrays for three different gap distances for the 270 nm
bowtie nanoantenna structures with 50, 20, and 10 nm gap distances.
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Figure 48. The Dose factor Map is an illustration showing twenty dose factors, ranging
from 6.5 to 10.3, for three separate gap distances of A, 50, B, 20, and C, 10
nm. The (a,b) axis belongs to each dose array and is denoted with a number
within the 6.5–10.3 range, where there are 7,000 bowtie nanoantenna
internally. The axis is approximately 150 μm by 200 μm. The (i,j) axis
belongs to each geometrical spacing, illustrated as either A, green, B, blue,
or C, purple and each geometrical spacing is approximately 1,100 μm by
1,600 μm (1.1 mm, 1.6mm). The (x,y) axis belongs to the entire pattern. The
entire pattern is approximately 5.8 mm by 1.6 mm. 1
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The energy bombardment per area is referred to as the dose and are µC/cm2[1]. When
energy is applied to a polymer mask, the long polymer chains undergo molecular
scissioning and degrade into smaller chains1,101,156,160. In Figure 46 above, the schematic
shows a simplified cross-section of a polymer mask applied to a substrate before and
after energy is applied. The dose factor, base dose, and applied dose are shown in the
equation below.
𝐷𝐹 × 𝑑𝑜𝑠𝑒𝑏𝑎𝑠𝑒 = 𝑑𝑜𝑠𝑒𝑎𝑝𝑝𝑙𝑖𝑒𝑑

Eq. 10

where DF is the dose factor, and the base dose is a constant 100 µC/cm2. The product
of the dose factor and the base dose is the applied dose for the pattern. The dose factors
used in this pattern are shown in Figure 48. The dose factors used in this study were
ranging from 650–10,300 µC/cm2 which resulted in twenty separate dose arrays. Within
each separate dose factor array there is a specific bowtie nanoantenna geometry with a
side length of 270 nm and a gap distance of either 10nm, 20nm, or 50nm. Each array for
each dose factor had 7,000 bowtie nanoantennas, or 14,000 individual structures. In total,
there are 84,000 nanoantenna pairs, or 168,000 individual structures, in the four dose
factors studied. The nanoantennas that were evaluated were chosen at random. It was
studied previously that the 270 nm geometry will have a relatively high electric field 155.
Mass fabrication relies on quality control and predictability, one of the most critical
elements in mass fabrication is predictability.1 Correct polymer mask exposure is critical
in nanolithography to optimize the localized electric field. In a situation where there is
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underexposure, the footprint of the nanostructure could be smaller leading to a larger gap
distance, which would in turn lower the electric field. The alternative is true for
overexposure. The footprint could become too large and cause the tips of the
nanoantenna to merge, negatively affecting the electric field. Additionally, this variable, if
left unconstrained, will cause an increase in variability in the structure, causing
unpredicted electric field values137. This study as necessary for this work to understand
the variance in footprint and the achievable accuracy for these fabrication parameters.
This work identified a working range 650–10,300 µC/cm2 for a PMMA A2 mask 120 nm
thick.
As mentioned previously, Casino Monte Carlo simulations were performed at 50 kV with
electron counts that corresponded to the applied dose to estimate the anticipated aspect
ratio for a PMMA mask. As mentioned, Monte Carlo is a single photon scattering
simulation solver approach that projects predicted outcomes from a variety of parameters
and boundary conditions101,134,141–144.
The beam size in this work was estimated to be 5nm in diameter for the Raith Voyager.
The software CASINO assumes a Gaussian beam distribution of the user specified size
for 99.9% of the beam145. Additionally, these CASINO simulations can illustrate electron
penetration into the polymer mask and the substrate, as well as output the back scattered
electron energy and the trajectories of the backscattered electron, the return radius of the
backscattered electrons, and the output the backscattering coefficient which can in turn
derive the total quantity of backscattered electrons145. These simulations provide a visual
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for potential beam spread and backscattering electrons which could lead to mask
overexposure. The proximity effect is overexposure due to backscattering and should be
considered in feature parameter design146,147.
Figure 49 displays ideal exposure and deposition and a failed exposure and deposition
where the overexposure is possibly due to the backscattering electrons energy
contribution. Ideally, the cavity created by molecular scissioning from exposure and
removal by development would be filled with the deposited thin metal films without any
connection to deposited metal elsewhere, leaving islands. When the dose is too high,
then the footprint is inflated and has sloped sidewalls, allowing that connection between
the deposited films. This is problematic for metal lift off as when the polymer mask is
dissolved, the metal deposition adhesion properties to the substrate are less strong than
the adhesion to the metal itself, so the film will tear away from the substrate creating a
failed nanoantenna. If any nanoantenna remains, the edges could be sheared, the
dimensions altered, or the nanoantenna may not be present.
Au
Cr

Au
Cr

PMMA

PMMA

ITO coated SiO2

(a)

ITO coated SiO2

(b)

Figure 49. A simplified cross section of deposition with (a) ideal exposure and (b)
exposure impacted by severe electron backscattering1
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4.2 Results and discussion
CASINO was used to further the understanding of backscattering electrons and the
proximity effect to better inform nanoantenna fabrication efforts145,148. Figure 50 shows
the CASINO output image where the electron beam penetrates the PMMA, ITO, and glass
(SiO2) layers. Previous work from illustrated that higher electron beam accelerating
voltage resulted in more favorable aspect ratios for nanolithography101.

Figure 50. Images taken from CASINO showing the interaction of the 6.7 (821), 7.7 (944),
8.7 (1066), and 9.7 (1189) Dose factor (electrons) interacting with PMMA,
ITO, and SiO2 with absorbed or transmitted (blue) and backscattered (red)
electrons.1

In Figure 50, four CASINO simulations are displayed: 6.7, 7.7, 8.7, and 9.7 dose factors.
They received an applied dose of 670 (821), 770 (944), 870 (1066), and 970 (1189)
μC/cm2 (electrons). In Figure 50, the Monte Carlo simulation images use different colored
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lines to correspond to backscattered electrons (red) or to electrons transmitted or
absorbed (blue). The simulations used the same parameters except for the number of
electrons, which corresponds to the applied electron dose. The PMMA mask layer
experiences additional exposure through reentry and exit of the backscattered electrons,
as illustrated by the red lines in the simulation. Aside from the output image, the CASINO
program outputs the backscattering coefficient148. The total electron count increases as
the applied dose increases (Table 17). The backscattered electron coefficient (BEC) was
calculated using Eq. 10 found in Chapter 2.
Table 17. Dose with corresponding electron count in beam with the output backscattered
electron coefficient and solved backscattered electron count.
Dose (μC/cm2) Electron count in beam Backscattered electron coefficient Backscattered electron count
970

1189

0.07016714286

83.42873286

870

1066

0.07290285714

77.71444571

770

944

0.07400128571

69.85721371

670

821

0.06786142857

55.71423286

The hypothesis is as the dose increases the potential for overexposure or design-related
failure due to increased footprint area, such as tip merging, increases 1. In the 9.7 dose
factor of the 270 nm triangles with the 10 nm gap tip-to-tip merging is evident1. Figure 51,
Figure 52, and Figure 53 below show SEM images of the 270 nm triangles with 50 nm,
20 nm, and 10 nm gaps at 6.7, 7.7, 8.7, and 9.7 dose factors at a 2 um field of view,
respectively.
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6.7

7.7

8.7

9.7

Figure 51. Images were taken with the Raith Voyager showing a 2 μm field of view 6.7
(670), 7.7 (770), 8.7 (870), and 9.7 (970) dose factor (μC/cm2) set of gold
bowtie nanoantenna with a programmed geometry of 270 nm equilateral
side length triangle and a 50 nm tip-to-tip gap on an ITO coated glass
coverslip. 1
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6.7

7.7

8.7

9.7

Figure 52. Images were taken with the Raith Voyager showing a 2 μm field of view 6.7
(670), 7.7 (770), 8.7 (870), and 9.7 (970) dose factor (μC/cm2) set of gold
bowtie nanoantenna with a programmed geometry of 270 nm equilateral
side length triangle and a 20 nm tip-to-tip gap on an ITO coated glass
coverslip.1
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6.7

7.7

8.7

9.7

Figure 53. Images were taken with the Raith Voyager showing a 2 μm field of view of 6.7
(670), 7.7 (770), 8.7 (870), and 9.7 (970) dose factor (μC/cm2) set of gold
bowtie nanoantenna with a programmed geometry of 270 nm equilateral
side length triangle and a 10 nm tip-to-tip gap on an ITO coated glass
coverslip.1
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Figure 54, Figure 55, and Figure 56, display a greater FOV at 10 um (that contains the
nanoantenna seen in Figures 52 – 54) of the same previously described dimensions. All
images were of random nanoantenna in the relative center of the pattern; no additional
proximity effect correction software was used.
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Figure 54. Images were taken with the Raith Voyager showing a 10 μm field of view of
6.7 (670), 7.7 (770), 8.7 (870), and 9.7 (970) dose factor (μC/cm2) set of
gold bowtie nanoantenna with a programmed geometry of 270 nm
equilateral side length triangle and a 50 nm tip-to-tip gap on an ITO coated
glass coverslip.1
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Figure 55. Images were taken with the Raith Voyager showing a 10 μm field of view of
6.7 (670), 7.7 (770), 8.7 (870), and 9.7 (970) dose factor (μC/cm2) set of
gold bowtie nanoantenna with a programmed geometry of 270 nm
equilateral side length triangle and a 20 nm tip-to-tip gap on an ITO coated
glass coverslip.1
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Figure 56. Images were taken with the Raith Voyager showing a 10 μm field of view of
6.7 (670), 7.7 (770), 8.7 (870), and 9.7 (970) Dose factor (μC/cm2) set of
gold bowtie nanoantenna with a programmed geometry of 270 nm
equilateral side length triangle and a 10 nm tip-to-tip gap on an ITO coated
glass coverslip.1
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ImageJ, a public processing software for images, was used to analyze the images to
measure the area of the nanoantenna. The results are tabulated below in Table 18 for the
calculated footprint of the nanoantenna in a 10 μm field of view.
Table 18. Dose Factor with % increase of dose, and % increase of area for the 10, 20,
and 50 nm gap distances

Dose factor

50 nm gap % 20 nm gap 10 nm gap
increase of %increase of %increase of
% increase of dose area
area
area

Δ from 8.7 to 9.7 11.494

2.276

2.317

2.511

Δ from 7.7 to 8.7 12.987

0.975

2.081

2.066

Δ from 6.7 to 7.7 14.925

2.621

5.934

2.475

Δ from 6.7 to 9.7 44.776

5.979

10.644

7.218

The results for increasing dose with respect to the three different gaps per triangle in the
270 nm triangle bowtie nanoantenna 1
Above, Table 18 displays the dose factor percent increase and the percent increase in
area for each gap distance for the 270 nm geometry. The area of the footprint increases
as the gap distances decrease. From 670 to 970 μC/cm2, a 45% increase in dose, the 10
nm gap design has a 7% increase in area, the 20 nm gap design has a 11% increase in
area, and the 50 nm gap design has a 6% increase in area. Also notable, the amount of
merged structures increases as the dose increases and is shown below in Table 19.
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Table 19. Percent merged bowtie nanoantennas for the individual dose factors and
geometries studied1
Side
(nm)

length Gap
(nm)

distance Dose
factor

#
Structures #
Merged %
analyzed
BNA
Merged

6.7

127

0

0.0

7.7

123

19

15.4

8.7

108

20

18.5

9.7

108

34

31.5

6.7

127

0

0.0

7.7

113

1

0.9

8.7

122

3

2.5

9.7

121

8

6.6

6.7

108

0

0.0

7.7

108

0

0.0

8.7

108

0

0.0

9.7

131

0

0.0

10

270

20

50

Above, Table 19 shows the results for the amount of merged bowtie nanoantenna for the
three different gap distances. The most significant merged amount with 31.5% of
nanoantenna tips touching was seen in the 10 nm gap with the highest applied dose of
970 μC/cm2 where 34 triangles (17 pairs) merged1. This is reduced to 18.5% and 15.4%
at applied doses 870 and 770 μC/cm2, respectively1. There were no merged pairs at all
sampled nanoantenna for all gap distances for the 670 μC/cm2 applied dose1. The
number of merged nanoantenna effects areal standard deviation shown in Table 20. The
standard deviation is approximately an order of magnitude greater in doses that had a
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higher rate of merged nanoantenna triangles as compared to their lower dose
counterparts. The standard deviation increases with an increasing applied dose.
Table 20. The results for average area and standard deviation for the three different gap
distances per triangle in the 270 nm bowtie nanoantenna.1
Side length Gap distance Dose

Average area Average area

(nm)

factor

(nm²)

(μm²)

deviation (nm2)

6.7

38336.2

0.0383

1599.7

7.7

39285.2

0.0393

15907.1

8.7

40096.7

0.0401

18149.0

9.7

41103.4

0.0411

23684.2

6.7

36762.3

0.0368

1584.6

7.7

38943.7

0.0389

3975.0

8.7

39754.1

0.0398

6567.8

9.7

40675.4

0.0407

10727.8

6.7

38143.4

0.0381

1212.5

7.7

39143.0

0.0391

1335.6

8.7

39524.5

0.0395

1432.9

9.7

40424.1

0.0404

1593.8

(nm)

Standard

10

270

20

50
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4.3 Conclusion
This chapter compared applied exposure doses between three different bowtie
nanoantenna geometries to determine a working dose range in units of energy per area
(μC/cm2). The dose factor is a multiplier applied to a constant base dose to yield an
applied dose1. The base dose is 100 µC/cm2[1]. The polymer mask experiences molecular
scissioning when energy is applied1,101,156,160. The nanoantenna arrays in this research
were fabricated in a five-step process. First, resist is applied1. Second, the mask is
exposed in nanolithography1. Third, the exposed and unexposed polymer is developed1.
Fourth, the adhesion film and conductive metal is deposited1. And finally, the excess
metal is removed through metal lift off1. The Monte Carlo simulation software CASINO,
was used to further understand the electron beam interaction with the polymer mask and
ITO substrate1,101,145,159,161. The volume of polymer mask dissolved is dependent on the
exposure dose level1. This applied dose study has twenty separate dose arrays ranging
from 650–10,300 µC/cm2 [1]. Each dose factor array had an internal array of 7,000 bowtie
nanoantenna pairs (14,000 standalone structures) for 270 nm side length triangles with
50 nm, 20nm, and 10 nm gaps1.
The designed nanostructure is dependent on the applied dose. This dose factor
experiment shows that by increasing the dose by 44.78%, there is at least a 5.9% area
increase in the footprint of the nanoantenna1. The maximum increase in footprint size was
10.7%1. It was hypothesized that as the electron beam dose increases, the backscattered
electrons create scission additional polymer mask molecules, which in turn increases the
area of the nanoantenna1. This experimental work supports the hypothesis and shows
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that by increasing the dose from 670 to 970 μC/cm2, the areal increase is 5.979%,
10.644%, 7.218% for the 50 nm, 20nm, and 10 nm gaps, respectively1. This overexposure
could cause defects in the design and cause nanoantenna failure through tip merging 1.
This was seen with the failed pairs with a 10 nm gap1. All doses examined from 670 –
970 μC/cm2 were serviceable, however the 670 μC/cm2 dose had the lowest standard
deviation as well as had zero tip merging defects1. In this work, a working range of 650
to 10,300 μC/cm2 was identified, and the 670 – 970 μC/cm2 dose range studied, while
appreciating that the probability of critical defects increase with an increase in applied
dose1.
4.3.1 90 nm side length Bowtie Nanoantennas
The 90 nm side length nanoantennas were fabricated on the same sample as the 270 nm
side length nanoantennas and were subjected to the same conditions. The schematic
below shows the sample and the dose factor parameters internal to the sample and each
array internal to the dose factor array.
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Figure 57. A schematic of each sample detailing the date code, marker scratch (horizontal
line leading from center of sample to sample edge), supplemental info, and
sample number scratched into the ITO/glass substrate. On each sample
was a dose factor array, and bowtie nanoantenna pattern array. Each 90
nm side length array has 25,000 pairs of bowtie nanoantenna and each 270
nm side length array has 7,000 bowtie nanoantenna.
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Figure 58. A schematic showing the entire dose factor map, which includes the Dose
Factor Map previously discussed in Figure 48.

The fabricated 90 nm side length bowtie nanoantennas for the 10, 20, and 50 nm gap are
shown in the sections below.
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4.3.1.1 90 nm side length, 10 nm gap

Figure 59. A 10 μm field of view of the 90 nm side length bowtie nanoantennas with a 10
nm gap with a 6.7 Dose Factor (670 μC/cm2)
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Figure 60. A 10 μm field of view of the 90 nm side length bowtie nanoantennas with a 10
nm gap with a 7.7 Dose Factor (770 μC/cm2)
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Figure 61. A 1.0 μm field of view of the 90 nm side length bowtie nanoantennas with a 10
nm gap with a 6.7 Dose Factor (670 μC/cm2)
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Figure 62. A 1.0 μm field of view of the 90 nm side length bowtie nanoantennas with a 10
nm gap with a 7.7 Dose Factor (770 μC/cm2)
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4.3.1.2 90nm side length, 20 nm gap

Figure 63. A 10 μm field of view of the 90 nm side length bowtie nanoantennas with a 20
nm gap with a 6.7 Dose Factor (670 μC/cm2)
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Figure 64. A 10 μm field of view of the 90 nm side length bowtie nanoantennas with a 20
nm gap with a 9.7 Dose Factor (970 μC/cm2)
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Figure 65. A 1.0 μm field of view of the 90 nm side length bowtie nanoantennas with a 20
nm gap with a 8.7 Dose Factor (870 μC/cm2)
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4.3.1.3 90nm side length, 50 nm gap

Figure 66. A 10 μm field of view of the 90 nm side length bowtie nanoantennas with a 50
nm gap with a 7.9 Dose Factor (790 μC/cm2)
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Figure 67. A 10 μm field of view of the 90 nm side length bowtie nanoantennas with a 50
nm gap with a 8.7 Dose Factor (870 μC/cm2)
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Figure 68. A 10 μm field of view of the 90 nm side length bowtie nanoantennas with a 50
nm gap with a 9.7 Dose Factor (970 μC/cm2)
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Figure 69. A 1.0 μm field of view of the 90 nm side length bowtie nanoantennas with a 50
nm gap with a 7.9 Dose Factor (790 μC/cm2)
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Chapter 5 L-valine Enhancement
5.1 Materials and Methods
The Raman Instrument was housed in a dedicated room. The microscope and laser
source were in a black box that was covered with black out curtains rated to eliminate
99.9% of light. Additionally, the experiments were preformed after sunset with all other
light sources, i.e.: cell phones and laptop monitors, dimmed to the minimum possible.
The L-valine crystals were sourced from Sigma Aldrich. The coverslips were purchased
from SPI Supplies. The sterile water was purchased from Bio-Rad.

5.2 Results and Discussion
5.2.1Si Calibration
Calibration runs were taken before the start of each experiment using the provided Si
standard. The Si calibration sample was provided by Horiba Instruments. The spectra is
seen above in the figure. The intensities can vary between calibration runs despite a
consistent environment. This was corrected for subsequent data collection runs. The Si
spectra was compared and a multiplier was derived between the Si runs. The Si runs
were treated as a comparison to previous calibration runs. The multiplier was then applied
to all spectra of a different day. The spectra were taken consistently after sunset in a dark
room, with blackout curtains covering the Raman Box and a dimmed computer screen.
Photonic noise is present from backgrould light, however methods taken to contain it are
constant between experiments and experimental days.
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Figure 70. The Si Calibration runs from four separate testing dates from 50 – 1800 cm-1
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Figure 71. The Si calibration spectra from 50 – 3000 cm-1 with inset displaying the 520
cm-1 peak used for intensity adjustment.
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The characteristic peak at 520 cm-1 is visible in Figure 71. The value from 515 – 525 cm1

was averaged to provide the calibration factor between experimental trials. The silicon

calibration sample was run under the same conditions each experiment. The logic for the
multiplying intensity factor is shown in the equation below.
𝑆𝑖 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦𝑁𝑜𝑣 7𝑡ℎ

𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 × 𝑆𝑖 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦

𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙

= 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦𝑎𝑑𝑗𝑢𝑠𝑡𝑒𝑑 𝑡𝑜 𝑁𝑜𝑣 7𝑡ℎ

Eq. 11

After the spectra was collected from the Silicon calibration sample, experimental data
collection began. The experimental data was adjusted so that the baseline value of 1700
– 1800 cm-1 is zero. This is an arbitrary adjustment aimed at increasing the visual
interpretation of the spectra, but there are values that become negative due to this
adjustment. The negative spectra did not have any peak and does not affect any
characteristic spectra of the L-valine, ITO/CS, Au/ITO/CS, or BNA substrates at the
following studied bonds: lattice (135 cm-1), τ(CO2) (185 cm-1), τ(CH3) (485 cm-1), r(CO2)
(537 cm-1), r(NH3+) (1110 cm-1), r(NH3+ ) (1110 cm-1), stretching (1508 cm-1), and a
characteristic peak (2890 cm-1).
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5.2.2 ITO/CS and Glass Coverslip Spectra
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Figure 72. The Raman spectra from 50 – 1800 cm-1 of the ITO/CS and glass coverslip
adjusted so that the baseline from 1700 – 1800 cm-1 has a zero arbitrary
intensity.

Figure 72 above shows the background spectra that is present in subsequent trials with
the drop cast L-valine. This spectra displays a broad plateau from 50 – 500 cm-1 and a
broad peak with relatively low intensity from 750 – 1250 cm-1.
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Figure 73. The Raman spectra from 2500 – 3000 cm-1 of the ITO/CS and glass coverslip
adjusted so that the baseline from 1700 – 1800 cm-1 has a zero arbitrary
intensity.

Figure 73 above demonstrates that the background spectra from ITO is negligible from
2500 – 3000 cm-1. The subsequent experiments The following experiments observed the
characteristic spectra enhancement around the following bonds: lattice (135 cm-1), τ(CO2)
(185 cm-1), τ(CH3) (485 cm-1), r(CO2) (537 cm-1), r(NH3+) (1110 cm-1), r(NH3+ ) (1110 cm1),

stretching (1508 cm-1), and a characteristic peak (2890 cm-1).
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5.2.3 L-valine Solid Crystal Spectra
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Figure 74. The Raman spectra from 50 – 1800 cm-1 of an L-valine crystal on glass
adjusted so that the baseline from 1700 – 1800 cm-1 has a zero arbitrary
intensity

In Figure 74 the lattice (135 cm-1), τ(CO2) (185 cm-1), τ(CH3) (485 cm-1), r(CO2) (537 cm1),

r(NH3+) (1110 cm-1), r(NH3+ ) (1110 cm-1), and stretching (1508 cm-1) bonds are

indicated with an arrow.
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Figure 75. The Raman spectra from 2500 – 3000 cm-1 of an L-valine crystal on glass
adjusted so that the baseline from 1700 – 1800 cm-1 has a zero arbitrary
intensity
The characteristic peak (2890 cm-1).is noted with an arrow in Figure 75.
Three runs were taken of an L-valine crystal and averaged together. The baseline spectra
is the average minus the baseline spectra. The baseline spectra is the spectra from 1700
– 1800 cm-1 were there are no bonds or spectral peaks. This was done to visually provide
a starting point of zero arbitrary intensity. This interpretation is to visually aid the reader
as the comparisons continue throughout this document. All the spectra presented were
adjusted to have the 1700 – 1800 cm-1 average to be zero intensity. The L-valine crystal
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was interrogated while on a clean glass coverslip. The spectra above shows clear and
sharp peaks at the relevant wavenumbers listed previously indicating certain bonds.
5.2.4 Drop cast
5.2.4.1 L-valine on CS
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Figure 76. The Raman spectra from 50 – 1800 cm-1 of an L-valine drop cast on a glass
coverslip adjusted so that the baseline from 1700 – 1800 cm-1 has a zero
arbitrary intensity
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The lattice (135 cm-1), τ(CO2) (185 cm-1), τ(CH3) (485 cm-1), r(CO2) (537 cm-1), r(NH3+)
(1110 cm-1), r(NH3+ ) (1110 cm-1), and stretching (1508 cm-1) bonds are observed in Figure
76 and 77.
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Figure 77. The Raman spectra from 2500 – 3000 cm-1 of an L-valine drop cast on a glass
coverslip adjusted so that the baseline from 1700 – 1800 cm-1 has a zero
arbitrary intensity

The L-valine was dissolved in sterile water at a concentration of 25.6 mg/mL at room
temperature, 25°C. The water solubility is 85 g/L, or 85 mg/mL. The concentration chosen
for the drop cast was chosen to be approximately 25% the theoretical maximum
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concentration162. A higher concentration was tried, 55.9 mg/mL, but unfortunately this
developed the characteristic “coffee ring” and the location of the dried amino acid was not
as consistent as a lower concentration. For this reason, the experimental work proceeded
with the 25.6 mg/mL concentration. This solution was drop cast onto a clean glass
coverslip and then covered with an additional glass coverslip. The layered glass – amino
acid – glass sample was allowed to dry for 8 hours before experimental work began. The
resulting sample was interrogated with a laser power of 30 mW, a slit value of 500, with
the 50x objective lens, 1 MHz Ultra camera setting, and a 10 second acquisition time,
with a 5 time acquisition count. The shape of the spectra is similar to the L-valine crystal.
However, the spectra of the coverslip does produce some interference from the two glass
layers. In comparison to the L-valine Crystal, the 2891.72 cm-1 peak experienced a 1078%
reduction in relative intensity. Both spectra were adjusted to the Si calibration runs.
However, the shorter wavenumbers did not experience as drastic of a reduction with the
218.406 and 536.632 cm-1 facing a 302% and 537% reduction, respectively.
For the dilute L-valine sample, this is the “baseline” spectra; the dilute L-valine with no
plasmonic substrate or enhancement.
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5.2.4.2 L Valine on ITO/CS
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Figure 78. The Raman spectra from 50 – 1800 cm-1 of an L-valine drop cast on an ITO
coated glass coverslip adjusted so that the baseline from 1700 – 1800 cm1 has a zero arbitrary intensity. The spectra from the L-valine on a glass
coverslip is included to highlight the enhancement of spectra from the
ITO/CS.
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L-Valine on ITO/CS - baseline 7Nov21
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Figure 79. The Raman spectra from 2500 – 3000 cm-1 of an L-valine drop cast on an ITO
coated glass coverslip adjusted so that the baseline from 1700 – 1800cm-1
has a zero arbitrary intensity. The spectra from the L-valine on a glass
coverslip is included to highlight the enhancement of spectra from the
ITO/CS.

The same batch of L-valine prepared for the glass coverslip was used on an ITO coverslip.
The concentration was 25.6 mg/mL and the processing steps followed were the same as
for the L-valine on the glass coverslip. The solution was drop cast onto a clean ITO glass
coverslip and then covered with a clean glass coverslip. The sample was allowed to dry
for 8 hours before experimental work. The resulting sample was interrogated with a laser
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power of 30 mW, a slit value of 500, with the 50x objective lens, 1 MHz Ultra camera
setting, and a 10 second acquisition time, with a 5 time acquisition count. This sample set
displays the first signs of enhancement. This spectra is 714%, 265%, and 261% less than
the original L-valine crystal at the 2891.72, 536.632, 218.406 cm-1, respectively. However,
the spectra is 150%, 203%, and 116% greater compared to the 25.6 mg/mL drop cast on
a glass coverslip for the 2891.72, 536.632, 218.406 cm-1, respectively. This is clear
enhancement from the plasmonic response of the conductive ITO. While this
enhancement is not several orders of magnitude higher, it does present an alternative to
interrogating specimens on glass, providing that the initial curvature of the spectra from
ITO is not a hindrance to the application. The initial curve around the 50 cm-1 mark may
mask bonds in this wavenumber range, but it does provide an alternative substrate for
enhancement at the 1200 – 1700 range and the 2700 – 3000 cm-1 range.
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5.2.4.3 L-valine on Au/ITO/CS
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Figure 80. The Raman spectra from 50 – 1800 cm-1 of an L-valine drop cast that was not
fully dry on a gold covered ITO coated glass coverslip adjusted so that the
baseline from 1700 – 1800 cm-1 has a zero arbitrary intensity The spectra
from the L-valine on a glass coverslip is included to highlight the
enhancement of spectra from the Au coated ITO/CS.

Enhancement is seen in the figure above through the spectra. The spectra for the dilute
L-valine solution on the Au coated ITO/CS substrate is lower in intensity that the dilute Lvaline solution in the 300 – 500 cm-1 range, but the peaks are more defined and
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noticeable. The bond that is effected in the 300 – 500 cm-1 range is the τ(CH3) bond at
485 cm-1.
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Figure 81. The Raman spectra from 2500 – 3000 cm-1 of an L-valine drop cast that was
not fully dry on a gold covered ITO coated glass coverslip adjusted so that
the baseline from 1700 – 1800 cm-1 has a zero arbitrary intensity. The
spectra from the L-valine on a glass coverslip is included to highlight the
enhancement of spectra from the Au coated ITO/CS.
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The L-valine drop cast was placed on an ITO coated glass coverslip that had been coated
with Au during nanoantenna fabrication as a control sample. This sample was on the
same carousel in the evaporation chamber during deposition and experienced the same
conditions as the nanoantenna substrates during deposition. The results demonstrate that
a gold substrate is sufficient at enhancing spectra and is approximately 1.5x more
enhancing than the previous ITO substrate. The above test occurred when the L-valine
drop cast had not completely dried and was still present in a dissolved liquid state. The
spectra was adjusted using the Si intensity calibration method.
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5.2.4.4 Dried L-valine on Au/ITO/CS

Calibrated Average L-valine on au-ITOCS SiCalib 11Nov21 /
7Nov21
4000
3500

Intensity (a.u.)

3000
2500
2000
1500
1000
500
0
0

200

400

600

800

1000

wavenumber

1200

1400

1600

1800

(cm-1)

Calibrated Average L-Val on Au-ITOCS SiCalib 11Nov21 / 7Nov21

L-Valine on CS - baseline 7Nov21

Figure 82. The Raman spectra from 50 – 1800 cm-1 of an L-valine drop cast that was fully
dried on a gold covered ITO coated glass coverslip adjusted so that the
baseline from 1700 – 1800 cm-1 has a zero arbitrary intensity. The spectra
from the L-valine on a glass coverslip is included to highlight the
enhancement of spectra from the Au coated ITO/CS.

It can be seen from Figure 82 that the Au coated ITO/CS substrate for a dried dilute
solution of L-valine has a lower intensity in the 50 – 600 cm-1 region but has greater
difference between the peaks and baseline values.
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Calibrated Average L-valine on au-ITOCS SiCalib 11Nov21 /
7Nov21
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Figure 83. The Raman spectra from 2500 – 3000 cm-1 of an L-valine drop cast that was
fully dried on a gold covered ITO coated glass coverslip adjusted so that the
baseline from 1700 – 1800 cm-1 has a zero arbitrary intensity. The spectra
from the L-valine on a glass coverslip is included to highlight the
enhancement of spectra from the Au coated ITO/CS.

It can be seen from comparing Figure 80 and Figure 82 that the relative intensity of the
fully dried L-valine is slightly lower in the 2700 – 3000 cm-1 region and in the <500 cm-1
region. This intensity discrepancy could be due to an environmental factor. It could also
be potentially due to evaporation of the solvent when excited with the 532 nm laser
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Figure 84. The Raman spectra from 50 – 1800 cm-1 of an L-valine drop cast adjusted so
that the baseline from 1700 – 1800 cm-1 has a zero arbitrary intensity. A
comparison of L-valine on glass, ITO coated glass, and gold covered ITO
coated glass.
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Comparison of L-valine on glass CS, ITO/CS, and Au coated ITO/CS
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Figure 85. The Raman spectra from 2500 – 3000cm-1 of an L-valine drop cast adjusted
so that the baseline from 1700 – 1800 cm-1 has a zero arbitrary intensity. A
comparison of L-valine on glass, ITO coated glass, and gold covered ITO
coated glass.

The data in Figure 84 and 85 is the same data represented in Figure 76 – 81 to
demonstrate the effects on enhancement each substrate had on the spectra. The navy
line is the gold substrate and although the enhancement is not uniform throughout the
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spectra, it enhances the lattice and τ(CO2) bond and the characteristic stretching bonds
in the 2700 – 3000 cm-1 region.
5.2.4.5 Gold on BNA substrate
5.2.4.5.1 Off center sampling of 90 nm BNA
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Figure 86. The Raman spectra from 50 – 1800 cm-1 of an L-valine drop cast that was fully
dried on a plasmonic nanoantenna array where the focal point of the beam
was on the marker scratcher of the plasmonic sample. The intensity is
adjusted so that the baseline from 1700 – 1800 cm-1 has a zero arbitrary
intensity. The spectra from the L-valine on a glass coverslip is included to
highlight the enhancement of spectra from the Au coated ITO/CS.
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Gold on BNA substrate - off center sampling of 90 nm BNA
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Figure 87. The Raman spectra from 2500 – 3000 cm-1 of an L-valine drop cast that was
fully dried on a plasmonic nanoantenna array where the focal point of the
beam was on the marker scratch (shown previously in Figure 57) of the
plasmonic sample. The intensity is adjusted so that the baseline from 1700
– 1800 cm-1 has a zero arbitrary intensity

Figure 86 and Figure 87 display the spectra for the L-valine drop cast on a gold scratch
on an ITO/CS. Background noise is also enhanced as well as a combined spectra of the
ITO substrate background spectra in Figure 72 with L-valine spectra. As previously
mentioned, for biologic samples, approximately 90% of the unique molecular fingerprint
signal is in the 500 cm-1 – 1800 cm-1 range and the C-H/O-H stretching vibrational modes
provide additional characteristic spectra in the 2700-3300 cm-1 range67. It can be seen
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that with the off center BNA substrate the majority of the enhancement is in the 2700 –
3300 cm-1 range, where the C-H/O-H stretching vibrational modes exist.
The bonds at 135, 185, 485, 537, 1110, 1508, and 2890 are the labelled according to the
work of Casey et al.59,163,164 and Lima et al.23. Additionally there is enhancement in the
500 – 1800 cm-1 but it varies depending upon the substrate used. This is a promising
result as it shows that even if the nanoantenna is not perfectly in the laser field of view,
there is still the possibility of enhancement, especially in the <500 cm-1 region.
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5.2.4.5.2 90 nm side length Bowtie Nanoantenna, 50 nm gap, 6.5 Dose

Calibrated 25-6-L-val-liq_BNA-90-50-dose6-5_10-52_23Nov21_2
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Figure 88. The Raman spectra from 50 – 1800 cm-1 of an L-valine drop cast that was fully
dried on a plasmonic bowtie nanoantenna array with geometry 90 nm side
length, 50 nm gap adjusted so that the baseline from 1700 – 1800 cm-1 has
a zero arbitrary intensity
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Calibrated 25-6-L-val-liq_BNA-90-50-dose6-5_10-52_23Nov21_2
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Figure 89. The Raman spectra from 2500 – 3000 cm-1 of an L-valine drop cast that was
fully dried on a plasmonic bowtie nanoantenna array with geometry 90 nm
side length, 50 nm gap adjusted so that the baseline from 1700 – 1800 cm1 has a zero arbitrary intensity
The response is lower than the off center Raman spectra. This is likely due to the distance
the L-valine is from the plasmonic nanoantenna. Electric field intensity does decrease
with distance108,115. There is an approximate 80% loss of intensity 0.5 nm away from the
coupled nanoparticle and an approximately 90% loss of relative intensity 2 nm away108,115.
A possible explanation for higher enhancement of the off center sample found in Figure
86 as compared to the nanoantenna is that it is possible that the dilute L-valine solution
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was captured in the scratch. The scratch then acted as a gold coated channel. It is
possible that the gold coated channel was parabolic in nature and created a much more
intense electric field. The negative spectra was ignored as the spectra occurred in a
location known to be absent of L-valine characteristic spectra. One of the risks associated
with long wavenumber scans is the appearance of “stitching” during turret rotation. Future
work would seek to do wavenumber scans in isolated regions less than 500 cm-1 to study
particular bonds.
5.2.5 Key Wavenumbers and corresponding bonds
Table below shows the wavenumber and corresponding bond as determined by Lima et
al.23 and Casey et al.59,163,164. The wavenumbers were then found in the spectral data and
the closest peak was chosen for this table. It should be noted that there is some shifting
but this shift may not be significant to classify as induced energy.

166

Table 21. Corrected intensity for specific wavenumbers of L-valine on various substrates
Bond
cm-1

type

135

lattice

185

L-Val on CS

90 nm Side length,
50 nm Gap BNA
Array

intensity

cm-1

intensity

cm-1

intensity

132.161 1063.02 139.397 1403.00

136.109

2466.26

136.109

1599.86

134.793

1266.16

τ(CO2)

183.932 1008.26 170.216 1655.72

174.139

1659.97

174.139

1383.84

191.756

1186.95

485

τ(CH3)

488.674

488.674 1185.94

489.292

656.72

491.144

1040.61

480.021

1169.51

537

r(CO2)

537.855 1181.22 537.855 2234.68

537.244

1593.30

537.244

1478.91

536.019

1166.06

647.472

342.76

648.072

675.89

648.671

315.81

648.671

231.78

640.275

451.76

1110

r(NH3+)

1111.59

386.52

1112.15

520.79

1111.59

588.33

1111.59

389.98

1111.02

447.78

1155

r(NH3+)

1160.3

359.47

1159.74

330.76

1159.74

441.80

1159.74

288.09

1158.63

329.20

1243.16

279.34

1243.16

146.37

1242.61

383.27

1242.61

122.27

1240.97

109.55

1508 stretching 1505.87

343.31

1505.87 1505.87

1505.87

533.09

1505.34

358.52

1508.01

438.39

2740.32

237.09

2739

310.47

2739.88

458.95

2739.88

776.81

2742.08

377.77

2770.54

265.98

2770.98

337.80

2770.54

384.66

2770.98

829.96

2770.54

390.01

2864.12 1038.50 2864.12 1359.60

2864.97

2030.55

2864.54

1917.87

2864.54

963.52

2890.87 2209.15

2891.3

3377.13

2891.3

3318.50

2891.72

1667.84

intensity

925.00

cm-1

L-Val on Au ITO/CS Scratch on BNA Substrate
cm-1

2890

cm-1

L-Val on ITO/CS

2891.3

intensity

3169.99

5.2.6 Enhancement Factor and Enhancement Ratio
Using the Table 21 above, the following table is derived to show the Raman Enhancement
Factor as defined in in Chapter 1 on page 20 126,129–131
𝑅𝐸𝐹 =

𝐼𝑆𝐸𝑅𝑆 𝑁𝑏𝑢𝑙𝑘
𝐼𝑏𝑢𝑙𝑘 𝑁𝑆𝐸𝑅𝑆

Eq. 7

With the assumption that the number of molecules in the localized system is the same,
Table 22 and Table 23 were calculated.
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Table 22. Raman Enhancement Factor for the different substrates compared to the glass
cover slip where the blue shaded regions indicate the highest performing
substrate for each studied wavenumber.
Bond
-1

L-Val on CS
-1

type

cm

135

lattice

132.161

185

τ(CO2)

L-Val on ITO/CS
-1

REF

cm

1.00

139.397

183.932

485

τ(CH3)

537

r(CO2)

cm

+

1110

r(NH3 )

1155

r(NH3 )

1508

+

stretching

-1

REF

cm

1.32

136.109

1.00

170.216

488.674

1.00

537.855
647.472
1111.59

Scratch on BNA
Substrate
-1

REF

cm

2.32

136.109

1.64

174.139

488.674

1.28

1.00

537.855

1.00

648.072

90 nm Side length,
50 nm Gap BNA
Array
-1

REF

cm

REF

1.51

134.793

1.19

1.65

174.139

1.37

191.756

1.18

489.292

0.71

491.144

1.12

480.021

1.26

1.89

537.244

1.35

537.244

1.25

536.019

0.99

1.97

648.671

0.92

648.671

0.68

640.275

1.32
1.16

1.00

1112.15

1.35

1111.59

1.52

1111.59

1.01

1111.02

1160.3

1.00

1159.74

0.92

1159.74

1.23

1159.74

0.80

1158.63

0.92

1243.16

1.00

1243.16

0.52

1242.61

1.37

1242.61

0.44

1240.97

0.39

1505.87

1.00

1505.87

4.39

1505.87

1.55

1505.34

1.04

1508.01

1.28
1.59

2740.32

2890

L-Val on Au ITO/CS

1.00

2739

1.31

2739.88

1.94

2739.88

3.28

2742.08

2770.54

1.00

2770.98

1.27

2770.54

1.45

2770.98

3.12

2770.54

1.47

2864.12

1.00

2864.12

1.31

2864.97

1.96

2864.54

1.85

2864.54

0.93

2890.87

1.00

2891.3

1.43

2891.3

1.53

2891.3

1.50

2891.72

0.75

In Table 22 above, the REF is shown for the different substrates previously discussed:
glass coverslip, ITO/glass coverslip, Au – ITO/glass coverslip, the scratch on the BNA
substrate, and the 90 nm side length triangle with 50 nm gap BNA array. Compared to
the glass cover slip, the highest REF was the ITO/CS at the 1508 cm -1 stretching bond.
The second highest REF was the off center gold scratch substrate at the 2770 cm-1
wavenumber, an undefined bond. All substrates showed enhancement for the 485 cm-1,
τ(CH3) bond, the 1110 cm-1 r(NH3+) bond, and the 1508 cm-1 stretching bond.

168

Table 23. Raman Enhancement Factor for the different substrates compared to the
ITO/glass cover slip where the blue shaded regions indicate the highest
performing substrate for each studied wave number.
Bond

-1

L-Val on CS

type

cm

135

lattice

185

-1

L-Val on ITO/CS

REF

cm

132.161

0.76

τ(CO2)

183.932

485

τ(CH3)

537

r(CO2)

cm

1110
1155

1508

2890

+

r(NH3 )
+

r(NH3 )

stretching

-1

L-Val on Au ITO/CS

REF

cm

139.397

1.00

0.61

170.216

488.674

0.78

537.855

-1

Scratch on BNA
Substrate

REF

cm

136.109

1.76

1.00

174.139

488.674

1.00

0.53

537.855

647.472

0.51

1111.59

-1

90 nm Side length,
50 nm Gap BNA
Array
-1

REF

cm

REF

136.109

1.14

134.793

0.90

1.00

174.139

0.84

191.756

0.72

489.292

0.55

491.144

0.88

480.021

0.99

1.00

537.244

0.71

537.244

0.66

536.019

0.52

648.072

1.00

648.671

0.47

648.671

0.34

640.275

0.67

0.74

1112.15

1.00

1111.59

1.13

1111.59

0.75

1111.02

0.86

1160.3

1.09

1159.74

1.00

1159.74

1.34

1159.74

0.87

1158.63

1.00

1243.16

1.91

1243.16

1.00

1242.61

2.62

1242.61

0.84

1240.97

0.75

1505.87

0.23

1505.87

1.00

1505.87

0.35

1505.34

0.24

1508.01

0.29

2740.32

0.76

2739

1.00

2739.88

1.48

2739.88

2.50

2742.08

1.22

2770.54

0.79

2770.98

1.00

2770.54

1.14

2770.98

2.46

2770.54

1.15

2864.12

0.76

2864.12

1.00

2864.97

1.49

2864.54

1.41

2864.54

0.71

2890.87

0.70

2891.3

1.00

2891.3

1.07

2891.3

1.05

2891.72

0.53

Similarly in Table 23 above, the REF is shown for the previously discussed substrates:
glass coverslip, ITO/glass coverslip, Au – ITO/glass coverslip, the scratch on the BNA
substrate, and the 90 nm side length triangle with 50 nm gap BNA array. However, this
REF is compared to the ITO/glass cover slip, the highest REF was the Au – ITO/CS
substrate at the 1242.61 cm-1 undefined bond. The second highest REF was the off center
gold scratch substrate at the 2739.88 cm-1 wavenumber, an undefined bond, followed
closely by the 2770.98 cm-1 wavenumber, an undefined bond. All substrates showed
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enhancement around the 2742 and 2770 cm-1 wavenumbers compared to the ITO/glass
coverslip.
5.2.6.1 Experimental enhancement as compared to simulations
Although the enhancement at first glance seems low compared to the often touted 2 – 8
orders of magnitude of enhancement, it is worth noting that that extreme enhancement
figure is at the surface of the nanoantenna. As previously mentioned, the relative intensity
decreases with distance; and there is an approximately 80% loss of intensity 0.5 nm away
from the nanoantenna and an approximately 90% loss of relative intensity 2 nm
away108,115 The REF is in range of the simulated EF found in Chapter 2.
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Chapter 6 Conclusion
6.1 Motivation
Different conformational states can be probed with Raman Spectroscopy and the
characteristic spectra analyzed to determine whether there was a shift in wave number.
A shift in wavenumber of the characteristic spectra would indicate that the vibrational
modes of the atoms have changed and are now at different strain states. Molecules wrap
around themselves in a folded protein; the order of amino acids is especially crucial.
Improper order of amino acids may lead to undesired folding and alters the structure of
the polypeptide20. This was be an example of a signal transduction sequence gone awry
which could lead to disease and affect the memory, muscles, and metabolism of an
organism19,22,66. In order to monitor these reactions and changes as they occur, signal
enhancement is necessary to raise the detected Raman signal above the level of
background noise1. Surface enhanced Raman Scattering can be leveraged by creating
localized electric fields to enhance the Raman spectra1,29,30. This work leveraged
simulations and fabrication of several different plasmonic substrates to enhance the
received Raman spectra for a dilute solution of L-valine. Additionally, this work seeks to
enhance the signal of an amino acid and demonstrate the feasibility of enhancement
away from the surface of the bowtie nanoantenna.
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6.2 Geometry and Simulations
The CST simulations determined that a side length between 60 and 120 nm were
favorable and the COMSOL simulations confirmed the relative similarity in in electric
fields. After evaluating the electric fields, potential enhancement fields, and capability of
the tools available. The 90 nm side length equilateral triangle and 270 nm side length
equilateral triangle geometries were selected137,138. The gap distances chosen for each
pair were 10 nm, 20 nm, and 50 nm. The 90 nm side lengths were chosen as a midpoint
to allow for fabrication deviation that would cause the structure to be slightly larger or
smaller than 90 nm and still reach the projected maximum electric fields.
The maximum near surface Z height of 35 nm shows the most variability and has the
highest electric field in the 60, 70, 80 nm structures, while the 90, 100, 110, 120 nm
structures have the highest electric field at the 100 nm Z height. Following those findings,
the pattern for highest electric field is the 1000 nm, then 500 nm, then 250 nm Z height.
This variability is of concern because the lowest point is nearly 25% the electric field of
the highest electric field of the structure.
The fluctuations between Z heights is expected. As previously mentioned, the electric
field will vary in intensity depending on the probed distance. However, the 60 nm, 70 nm,
and 80 nm side length COMSOL simulations show large maximum and minimum
fluctuations, while the 90 nm – 120 nm side length simulations show less abrupt
deviations. The 90 nm side length was selected for fabrication as the relative intensity
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does not fluctuate as greatly as the 60 -80 nm group, but is still one of the higher electric
fields.

6.3 Development Effect
One of the controlling parameters for successful fabrication of nanoantennas is the
development125. A study was performed on bowtie nanoantenna fabrication and the role
of the development step125. It was shown that the footprint of the bowtie nanoantenna
increased 37% of the original size when the development time increased by ten
seconds125. In addition, it was demonstrated that the quality of the nanoantenna was
influenced by a time period as small as 2 seconds125.
This study provided insight into the appropriate fabrication parameters necessary to
create bowtie nanoantennas125. Fabrication parameters may have tighter constraints
depending on the desired geometry and size125. This study explored a geometry 90 nm
equilateral triangle side lengths and 50 nm gap distances, with 532 nm (x direction) by
1.5 µm (y direction) separation125. Grids of 10x5 and 10x25 nanoantennas with varying
development times (10–100 seconds) were fabricated125. Results indicated that a 10
second change, from 40 seconds to 50 seconds could lead to failure through structure
merges or undefined shapes125.

6.4 Dose Factor Effect
This chapter compared applied exposure doses between three different bowtie
nanoantenna geometries to determine a working dose range in units of energy per area
(μC/cm2). The dose factor is a multiplier applied to a constant base dose to yield an
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applied dose1. The base dose is 100 µC/cm2. The polymer mask experiences molecular
scissioning when energy is applied101,156,160. The nanoantenna in this research were
fabricated in the five-step process listed: 1) resist is applied, 2) the mask is exposed in
nanolithography, 3) the exposed and unexposed polymer is developed, 4) the adhesion
film and conductive metal is deposited, and 5) the excess metal is removed through metal
lift off1. The Monte Carlo simulation software CASINO, was used to further understand
the electron beam interaction with the polymer mask and ITO substrate1,101,145,159,161. The
volume of polymer mask dissolved is dependent on the exposure dose level. There are
twenty separate dose arrays in this applied dose study that range from 650–10,300
µC/cm2. Each dose factor array had an internal array of 7,000 bowtie nanoantenna pairs
(14,000 standalone structures) for 270 nm side length triangles with 50 nm, 20nm, and
10 nm gaps1.
Nanostructure fabrication is dependent on the applied dose1. The hypothesis is that
increasing electron beam dose increases the backscattered electrons, creating additional
molecular scissioning that, in turn, increases the footprint area of the nanoantenna1. This
dose factor experiment shows that by increasing the dose by 44.78%, there is at least a
5.9% area increase in the footprint of the nanoantenna1. The maximum increase in
footprint size was 10.7%1. This experimental work supports the hypothesis and shows
that by increasing the dose from 670 to 970 μC/cm2, the areal increase is 5.979%,
10.644%, 7.218% for the 50 nm, 20nm, and 10 nm gaps, respectively1. This overexposure
could cause defects in the design and cause nanoantenna failure through tip merging1.
This was seen with the failed pairs with a 10 nm gap1. All doses examined from 670 –
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970 μC/cm2 were serviceable, however the 670 μC/cm2 dose had the lowest standard
deviation as well as had zero tip merging defects1. In this work, a working range of 650
to 10,300 μC/cm2 was identified, and the 670 – 970 μC/cm2 dose range studied, while
appreciating that the probability of critical defects increase with an increase in applied
dose1.

6.5 Enhancement of L-valine
The L-valine was dissolved in distilled water at a concentration of 25.6 mg/mL at room
temperature, 25C. The water solubility is 85 g/L, or 85 mg/mL. The concentration chosen
for the drop cast was chosen to be approximately ¼ the theoretical concentration162. This
solution was drop cast onto the substrate and then covered with an additional clean glass
coverslip. The layered glass – amino acid – substrate sample was allowed to dry for 8
hours before experimental work began. The resulting sample was interrogated with a
laser power of 30 mW, a slit value of 500, with the 50x objective lens, 1 MHz Ultra camera
setting, and a 10 second acquisition time, with a 5 time acquisition count.
Approximately 90% of the unique characteristic spectra is in the 500 cm-1 – 1800 cm-1
range and the C-H/O-H stretching vibrational modes provide additional characteristic
spectra in the 2700 – 3300 cm-1 range67.
There is enhancement in the 500 – 1800 cm-1 range but it varies depending upon the
substrate used. This is a promising result as it shows that even if there is substrate failure
and the nanoantenna is not in the laser field of view, there is still the possibility of
enhancement, particularly in the <500 cm-1 region.
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The highest Raman Enhancement Factor was the ITO/CS at the 1508 cm -1 stretching
bond compared to the glass coverslip substrate. The second highest REF was the off
center gold scratch substrate at the 2770 cm-1 wavenumber, an undefined bond. There
was enhancement for all substrates for the 485 cm-1, τ(CH3) bond, the 1110 cm-1 r(NH3+)
bond, and the 1508 cm-1 stretching bond
The highest REF was the Au – ITO/CS substrate at the 1242.61 cm-1 undefined bond
when comparing the enhancement to the ITO/glass coverslip. The second highest REF
was the off center gold scratch substrate at the 2739.88 cm-1 wavenumber, an undefined
bond, followed closely by the 2770.98 cm-1 wavenumber, an undefined bond. All
substrates showed enhancement around the 2742 and 2770 cm-1 wavenumbers
compared to the ITO/glass coverslip.

6.6 Future Work
This work explored the fabrication parameters to create a bowtie nanoantenna and then
applied the bowtie nanoantenna to Raman Spectroscopy to enhance the signal from a
dilute solution of L-valine. This work has shown that although a bowtie nanoantenna
enhances the received spectra, other alternative substrates may be readily available to
enhance a signal with a 532 nm excitation laser.
Future work would involve testing the different plasmonic devices with different amino
acids. Then after an enhanced molecular fingerprint database is built, test the plasmonic
substrates to enhance a biochemical reaction, such as protein phosphorylation. Then
compare the enhanced signal from the amino acids to the biochemical reaction to
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determine what strain occurred in real time. The strain information gained from observing
the biochemical reaction in real time could be correlated to information already available
relating protein phosphorylation to disease. Even further in the future, predictive models
could be created and employed to extend or increase the quality of life for someone
suffering from a disease like Parkinson’s, Alzheimer’s, or cancer.
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Appendix A – COMSOL Parameters

Optical properties for Gold and Chromium were found using COMSOL 5.3a’s materials
library139
ITO optical properties were found from Konig et al.165

Table 24. Global Parameters for COMSOL Simulations
Name
wl

Expression
532 [nm]

Description
Excitation wavelength

f0
c_const
h_block

c_const/wl
2.9979x10^8 [m/s]
50 [nm]

k0
na
n_subs
h_air
h_subs
period_x
period_y
gap

2*3.14159/wl
1
1.88
5*wl/na
5*wl/n_subs
532 [nm]
1500 [nm]
10,20,50 [nm]

side

60:120::10 [nm]

frequency
Speed of light
Height of refined mesh
block
Extinction coefficient
Refractive index of air
Refractive index of ITO
Height of air block
Height of substrate block
Repeating period in x
Repeating period in y
Gap distance between
triangle tips
Side length of triangle. Vary
from 60 – 120 by 10 nm.

xix

Table 25. Parameters for the Air block in COMSOL simulations
Name
Width
Depth
Height
Maximum mesh size
Minimum element size
Maximum element growth
rate

Expression
period_x
period_y
h_air
wl/6
0.1 [nm]
1.3

Table 26. Parameters for the Substrate block in COMSOL simulations
Name
Width
Depth
Height
Maximum mesh size

Expression
period_x
period_y
h_subs
wl/6/n_subs

Table 27. Parameters for the fine mesh block surrounding the bowtie nanoantennas
Name
Width
Depth
Height
Maximum mesh size
Minimum element size
Maximum element growth
rate

Expression
3*side
3*side
h_block
15 [nm]
0.1 [nm]
1.15

xx

Figure 90. A Floquet periodicity was used for the YZ planes highlighted in purple

xxi

Figure 91. A Floquet periodicity was used for the XZ planes seen in purple.
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Figure 92. The Port input was the top YX plane for the excitation power of 1 W.
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Appendix B – Fabricating a Bowtie Nanoantenna

Chapter 7 A Step-by-step fabrication guide
Unless otherwise stated, all work was performed in a class 1000 cleanroom at the VMC
in VCU, Richmond, VA.

7.1 Polymer mask application
First, load the substrate onto the sample holder in the spin coating instrument. Saturate
the surface of the substrate with acetone and spin at 300 rpm for 15 seconds. While
spinning, spray the surface with IPA to wash away any remaining traces of acetone.
After cleaning, using PMMA A2 495k and 950k from Kayaku and spin coat four layers
following the below recipes.
Table 28. Spin Coating Recipe for BNA fabrication
Time (seconds)
5
45
5

Spin Acceleration
500
3000
300

Maximum speed (rpm)
500
3000
300

Table 29. Layer of PMMA order for spin coating for BNA fabrication
Layer

Material

1
2
3
4

495k PMMA A2 – 9 drops
495k PMMA A2 – 9 drops
950k PMMA A2 – 9 drops
950k PMMA A2 – 9 drops

Post spin Bake Temp
(°C)
115
115
115
115

Post spin Bake Time
(min)
2
2
2
2

xxiv

7.2 Lithography with Raith Voyager
Carefully scratch date code and other identifying information into sample using a diamond
scribe. Create a focusing scratch working from the center outwards on the sample with
the diamond scribe. This scratch should reach the very edge of the sample so the beam
may be driven along the scratch towards the center of the sample where lithography will
take place. Perform all standard lithography procedures as mentioned in the Raith
Voyager standard operating procedure. Working doses used for this PMMA type and
thickness were found to be between 6.5 – 10.3 μC/cm2 [1]. This range may be expanded
upon but there will be overexpansion of the footprint with higher doses1. Lower doses
may not yield complete nanoantennas.

7.3 Development
MIBK:IPA 1:3 and IPA that have been refrigerated at 5°C were used. Fill small 50 mL with
approximately 20 mL of MIBK:IPA solution. Carefully submerge sample in solution with
metal tweezers and oscillate gently by hand – do not release sample. Oscillate for 36
seconds. After 36 seconds of submersion, remove sample and immediately spray with
refrigerated IPA for a minimum of 45 seconds, ensure that all remaining traces of
MIBK:IPA have been washed away. Spray dry with nitrogen.

7.4 Electron Beam Evaporation Deposition
Using EBED, follow the below recipe to deposit the adhesion layer of chromium following
the conductive layer of gold. Allow the sample to remain in the vacuum chamber for at
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least 6 hours or until a vacuum of 4(10-7) Torr to begin. Vacuum will improve after Cr
deposition.
Chromium parameters
Automatic deposition
Chromium deposition rate 0.6 Å/s.
Ramp 1 power: 6%, Ramp 1 time: 90s, Ramp 1 soak time: 45s
Ramp 2 power: 7%, Ramp 2 time: 30s, Ramp 2 soak time: 15s

Gold parameters
Manual deposition
Gold deposition rate: 0.2 Å/s for first 10 nm deposited (thickness monitored by crystal
monitor)
0.15 Å/s for next 5 nm deposited (thickness 10 – 15 nm)
0.1 Å/s for next 5 nm (thickness 15 – final nm) – begin ramping down so that deposition
may stop at 8% power to avoid gold particle sputtering.
Ramp 1 power: 12%, Ramp 1 time: 3 min, Ramp 1 soak time: 2 min
Ramp 2 power: 21%, Ramp 2 time: 2.5 min, Ramp 2 soak time: 2 min

7.5 Metal lift-off
After deposition remove samples from chamber and place in a warm 70°C Remover PG
bath with stir bar oscillating at 70 rpm for 1 hr. Ensure enough volume of remove PG to
cover sample by at least 1 cm. After 1 hour remove sample and gently spray with Acetone.
Replace Remover PG with fresh Remover PG and repeat bath process for an additional
hour. Remove sample and place in acetone bath with no heat and no oscillation for 5
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minutes. Remove sample and gently spray with IPA to remove trace acetone. Dry with
nitrogen. Store in low humidity environment until ready to use.

xxvii
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